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Abstract 
This thesis is an investigation into the effects of farming and river regulation on 
billabong (floodplain lake) ecology. The study region is in the southeast comer of the 
Murray-Darling Basin. Billabongs comprise a significant natural freshwater lake system 
in the one million km2 drainage basin dominated by semi-arid conditions. The region 
was settled by Europeans in the middle 1800's, and early farming, activities, mainly the 
running of cattle and sheep, were particularly intense. Extensive timber extraction also 
occurred at this time. Both these activities have probably declined to a degree since the 
early 1900's but are practised in the region today. Fertiliser use became widespread in 
the 1930's. River regulation did not begin in earnest until the construction of the Hume 
Dam in 1930. In the study region regulation has decreased monthly variation in river 
flows, mainly by maintaining unnaturally high flows during summer irrigation 
demand, increased daily flow variability with short-term releases, decreased the 
frequency of minor flooding, slightly increased flood duration, and decreased sediment 
loads near weirs. These and other impacts of European settlement on the regional 
landscape are profound, and may have an effect on billabong limnology. 
Concepts of disturbance ecology are used as a framework for assessing changes to the 
biota living in billabongs resulting from European settlement. Two complementary 
lines of evidence are followed, one physicochemical and one biological, and evidence 
for the impacts of farming and regulation is sought from both historic and present day 
patterns of limnology. 
The limnology of 43 billabongs influenced to varying degrees by farming and 
regulation were surveyed every 2 months over a 15 month period. The billabongs vary 
in mean depth from about 0.3 to 4.5 m, and significant fluctuations in depth occur, both 
seasonally and between wet and drought periods. Natural variation in total nitrogen, 
total phosphorus, turbidity, and secchi depth billabongs is marked and dominated by 
temporal factors; mainly fluctuations in depth accompanying seasons and droughts, 
but also flooding. Significant shorter-term temporal variation is also implied from the 
data. In contrast, natural variation in pH is minor and salinity is always low. Maximum 
i 
depth is the only systematic source of natural spatial variation revealed, apart from a 
slight east-west shift in major ion balance; the main determinants of nutrient limnology 
and light environment of billabongs found in this study are temporal factors. Since 
natural variation in physicochemistry is dominated by relatively cyclical factors 
(seasons and floods), much natural disturbance in billabongs appears to be of the pulse 
variety, and to be moderately to highly predictable. It is likely the biota have evolved 
adaptations for this variation. 
Farming only affects phosphorus and salinity, but the effect on phosphorus is minor in 
comparison to natural variation, and salinity levels remain low. In contrast, river 
regulation has important direct effects on billabong depth, which on the decadal scale 
translates to billabong permanence. The indirect effects of regulation on nutrients and 
the light environment, from effects on depth, are likely to equal natural variation. 
However, most of the anthropogenic variation mimics natural variation, and the biota 
may already possess the adaptations to deal with it (may be 'preadapted'). The pattern 
of rapid depth fluctuations and summer flooding of low-lying billabongs created by 
regulation is 'new' to the ecosystem, at least in the current climatic regime, and the 
biota may not cope as well with this. 
Based on the skeletal remains of Cladocera in the surface sediments of 41 billabongs, 
farming and river regulation cause a relatively minor impact on the cladoceran fauna. 
Farming and regulation both affect some uncommon species, and regulation affects the 
overall diversity, richness and equitability of assemblages. Farming therefore has less 
of an effect than regulation, which is consistent with the patterns of physicochemistry 
observed. However, on the whole, assemblages from farmed and regulated billabongs 
are not very different from those in billabongs remote from farms and on unregulated 
river reaches, suggesting that the Cladocera are 'preadapted' to anthropogenic 
environmental variation by relatively high natural variation in physicochemistry. 
The above conclusions of no or low impact of farming and regulation on billabongs 
rely on billabongs remote from farms and on unregulated river reaches being 
unimpacted by these land use activities. This assumption is tested by examining the 
historical sedimentary record of billabongs. 
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The historical record of physicochemistry in 8 billabongs was examined. Sedimentation 
rates are currently about 5 mm per year, but have increased by an order of magnitude 
since settlement. Based on the stratigraphy of sediment structure, organic matter 
content, and the atomic ratio Fe:Mn, redox conditions have changed in a minimum of 4 
billabongs and a maximum of 6 since settlement. These include billabongs on 
unregulated river reaches and presently distant from farms. The direction of change is 
usually towards more oxidising conditions, but it is possible that the interpretation of 
the direction of changing redox (as distinct from the occurrence of changing redox) has 
been corrupted by the higher sedimentation rates following settlement. External 
phosphorus loading has, if anything, declined since settlement, but it is more likely that 
no change has occurred at all and that the patterns of phosphorus are due to the 
changing redox conditions. Because redox conditions have changed in billabongs 
considered as low-impact controls, assessments of impact based on the present day 
limnology of billabongs may underestimate the effects of farming and river regulation. 
The historical record of both Cladocera and the extent of macrophyte cover are inferred 
from the stratigraphy of cladoceran assemblages in the sediments, and the record of 
siliceous algal productivity is obtained from profiles of loosely bound silica. Aquatic 
macrophyte abundance in 5 of 7 billabongs examined decreases markedly at 
settlement, notwithstanding that taphonomic alteration of assemblages increases. The 
pattern is most pronounced in large, deep billabongs, and absent from small 
billabongs. The decline in macrophytes appears to have resulted in the demise of a 
group of closely related Rak or Ephemeroporus species that are codominant before 
settlement. Otherwise, the regional diversity of Cladocera has changed little with 
settlement, and possibly even increased from the introduction of exotic species. 
However, temporal trends in 7 species suggest they will be pushed towards regional 
extinction in the future. Siliceous algal productivity appears to have decreased in 4 of 7 
billabongs with settlement, although the patterns may be an artefact of increasing 
sedimentation rates. The patterns are most pronounced in small billabongs, and due to 
their timing an early land use activity is again implicated. 
The historical data suggest that the aquatic macrophyte flora and associated fauna 
declined due to an early land use activity related to farming. It is likely that the change 
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in redox occurred due to the decline in macrophytes, which lowered organic matter 
supply to the profundal zone. Furthermore, the persistence of depressed macrophyte 
levels, and continuing trends of changing relative abundance of some cladoceran 
species, suggest that the farming impacts are of the press variety, yet direct farming 
activity on the floodplain may have decreased this century. 
The macrophyte-free state may been maintained in large, deep billabongs, in spite of 
the removal of the disturbance agent, because of the existence of alternative stable 
states in the aquatic vegetation. Early farming may have caused the large, deep 
billabongs to switch from natural macrophyte dominance to natural phytoplankton 
dominance, as has been suggested to occur in shallow lakes in Europe. If so, it is quite 
likely that the decline of macrophytes in large, deep billabongs is reversible by 
temporarily lowering water levels in the spring time, and this would greatly benefit 
billabongs and the greater floodplain ecosystem. Once macrophyte beds are re-
established they should be stable unless further unnatural perturbations occur. If 
properly designed, attempts to restore macrophytes in billabongs can be used to test 
the hypothesis of alternative stable states in billabong vegetation, so that such attempts 
offer an opportunity to meld management and science in one project. 
This work demonstrates that even in ecosystems with high rates of turnover, events 
with return times on the order of centuries can have significant impacts on the 
ecosystem. Assessments of anthropogenic impacts to billabongs that do not include an 
historical component are likely to provide underestimates of the full impacts. While 
disturbance concepts appear to explain some of the patterns observed in the biota, 
other traits of the ecosystem (e.g. alternative stable states in the vegetation) may be 
required to explain the broad-scale patterns observed. 
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Chapter 1 Introduction, Aims and Thesis Structure 
1.1 Overview 
This is a study of the ecology of some Australian floodplain lakes, locally known as 
billabongs. It investigates the pre-agricultural state and the influence of farming and 
river regulation on their ecology. The focus is on the present day and historic patterns 
of physicochemistry, aquatic macrophytes and cladoceran abundance. The billabongs 
in this study occur in the valleys of the Murray River and its tributaries, the Ovens and 
Kiewa Rivers, of south eastern Australia. 
Billabongs form in depressions on floodplains. The depressions in the southeast 
Murray Basin are mainly cutoff meanders, swales and scour holes (Shiel 1980) rather 
than blocked valley lakes (e.g. Sippel et al. 1992; Timms 1987). Like other floodplain 
lakes, billabongs periodically experience flooding and so are not strictly lentic; they are 
characterised by alternation of lotic and lentic conditions. Billabongs are a component 
of the river-floodplain ecosystem and may have strong ecological links with both the 
river and the floodplain Gunk et al. 1989). 
Generally speaking, billabongs and other floodplain lakes are small to medium sized, 
relatively shallow freshwater lakes, with variable pH but tending toward neutrality, 
and generally moderate to poor water clarity due to suspended sediments and 
phytoplankton production (e.g. Rai and Hill 1980; Rogers and Breen 1980; Tait et al. 
1984; Hillman 1986; Timms 1987; Hamilton and Lewis 1990; Carignan and Neiff 1992; 
Sippel et al. 1992). 
Being formed within a substrate of nutrient rich floodplain sediments, billabongs and 
floodplain lakes are usually meso I eutrophic, often supporting lush growth of aquatic 
macrophytes (Fittkau et al. 1975; Bonetto et al. 1984; Tait et al. 1984; Hillman 1986; 
Timms 1987; Boon and Sorrel 1991; Carignan and Neiff 1992), although floodplain lakes 
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influenced by nutrient poor catchments may be oligotrophic (Forsberg et al. 1988; 
Hamilton and Lewis 1990). 
The study region has been settled by Europeans for around 140 years. Farming 
activities are widespread, mainly involving the grazing of sheep and cattle. Some of the 
active floodplain and most of the area surrounding the floodplain has been cleared of 
tree cover. Grazing occurs almost everywhere on the floodplain, although the intensity 
varies markedly in different areas. River regulation strongly influences the flow of all 
but two of the major rivers in the Murray Basin. The Murray River is dammed not far 
into its lowland tract, and the Upper Murray, Ovens and Kiewa Rivers have relatively 
unaltered flows. The study region therefore encompasses both unregulated river 
reaches (the Ovens, upper Murray and Kiewa Rivers) and a regulated reach of the 
Murray River. Details of European land-use in the region are provided in Chapter 2. 
Activities associated with farming and river regulation undoubtedly affect the 
floodplain surrounding billabongs in the study region. An evaluation of the impact of 
these activities on billabongs requires the comparison of a number of billabongs 
affected to a varying extent by land use. However, until recently research has 
concentrated on descriptions of the environment and biota in one or a few billabongs, 
or has had an 'autecological' (Mcintosh 1985) focus (reviews in Hillman 1986; Boon et 
al. 1990). Comparative studies of many billabongs with a floodplain-scale synecological 
emphasis are fewer (e.g. Shiel and Koste 1983; Timms 1989), and none specifically 
addresses the impact of farming on billabong community functioning. The ecological 
effects of water regime (Brownlow et al. 1994; Rea and Ganf 1994) and of river 
regulation (e.g. Walker 1980, 1985; Gippel and Finlayson 1993; Walker and Thoms 1993; 
Walker et al. 1992, 1994) have been considered, but the full impact of river regulation 
on billabong ecology is by no means well known. The general aim of this thesis is to 
contribute to an understanding of the effects of farming and river regulation on 
billabong ecology. 
Since this is one of the first studies to examine patterns of billabong ecology associated 
with farming and regulation it is necessarily descriptive. There are a number of 
approaches that might be used to frame descriptions; for this study, concepts of 
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disturbance ecology (White and Pickett 1985 amongst others) are used to provide a 
framework for description because of their emphasis on relative scales of natural and 
antj:i.ropogenic variation. However, the aim of the thesis is to provide a description of 
variation in some aspects of billabong ecology due to farming and river regulation, and 
to consider the impacts of these activities, rather than to test hypotheses of disturbance 
ecology. Having used disturbance ecology as a framework for analysis, consideration 
of its appropriateness in the context of billabongs is made in the final Chapter. 
1.2 Context 
1.2.1 Concepts of disturbance ecology 
Nature of disturbance 
White and Pickett (1985 p. 7) define disturbance as "any relatively discrete event that 
disrupts ecosystem, community, or population structure and changes resources, 
substrate availability, or the physical environment". Sparks et al. (1990 p.700) expand 
the definition of disturbance to include "graded changes in controlling factors that 
eventually exceed critical thresholds and cause effects similar to those of a discrete 
disturbance". This is probably equivalent to a type of disturbance recognised by White 
and Pickett (1985) as an 'environmental fluctuation', but the wording used by Sparks et 
al. is more precise. The meaning of the term 'disrupts' in White and Pickett's definition 
is critical. In most instances it involves, initially at least, a large-scale increase in the 
death rates of some species, although variation that leads to a large-scale increase in 
birth or survival rates should also qualify as a disturbance. 
A population may be directly or indirectly affected by an event. For example, a point 
source input of pesticides may kill zooplankton (a direct effect) and starve 
planktivorous fish (an indirect effect). Both are changes in population structure in 
response to an event of environmental variation, and hence the event qualifies as a 
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disturbance. For the purpose of this thesis, the biota directly or indirectly affected by 
the event are said to be 'disturbed' by the event. 
Several features of environmental variation determine whether it leads to a 
disturbance, and the character of the disturbance: the intensity and frequency of 
environmental variation (White and Pickett 1985), its duration (Yount and Niemi 1990), 
predicability (Sparks et al. 1990) and regional extent (Niemi et al. 1990). 
Obviously, the intensity of the environmental variation needs to be great enough to 
strongly affect the survivorship of a species in order for it to be classified as a 
disturbance. 
The likelihood that a particular species will be disturbed depends partly on the 
frequency and duration of environmental variation relative to the life cycle of the 
species considered (White and Pickett 1985; Farmer and Adams 1991). For example in 
reference to aquatic macrophytes, Farmer and Adams (1991 p . 256) ·consider that "a 
disturbance may be so short-lived that a plant will remain unaffected, or so long-lived 
that its entire life cycle is completed without being affected. However, if the 
disturbance and the plant/ system in question are operating on similar time scales, then 
the plant will react". 
With respect to the duration of unfavourable environmental variation, Yount and 
Niemi (1990; after Bender et al. 1984), distinguish between relatively instantaneous 
alteration of the environment, and sustained alteration. The former leads to pulse 
disturbances, where the ecosystem recovers, and the latter to press disturbances, where 
a new ecosystem state is produced that the biota must then adjust to. Press 
disturbances are sometimes referred to as 'perturbations' (White and Pickett 1985). 
The predictability of environmental variation influences the chance that a species will 
have evolved mechanisms to anticipate the event (Sparks et al. 1990), thus avoiding or 
surviving it, or recovering from a disturbance by reinvasion. 
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Finally, the regional extent of a disturbance will affect the survivorship of species 
intolerant of disturbance. The more widespread the effects are, the less likely it is that 
refuges will exist for or be accessible to such species (Niemi et al. 1990). 
Biota vary in their ability to survive environmental variation or recover (return to the 
pre-disturbance state) from disturbance (Brock 1986; Niemi et al. 1990), and some 
species may be dependent on disturbances to eliminate superior competitors. 
Therefore, if natural disturbance is commonplace in billabongs, it is likely to be an 
important selective factor. It is often assumed in disturbance ecology that communities 
will progress to the pre-disturbance state once the agent causing the disturbance is no 
longer active (White and Pickett 1985), although Niemi et al. (1990) point out that the 
effects of a pulse disturbance may be long lasting, as in the case of channelisation or 
timber harvesting. 
Disturbance driven ecosystems 
Following from the definitions above, it is useful to envisage two hypothetical 
ecosystems arising from the same general climate and regolith, but that differ in that 
one (Ecosystem A) has high environmental variation relative to another (Ecosystem B) 
(such a situation might be found, for instance, with streams draining catchments that 
differ little except in size). In Ecosystem A frequent strong fluctuations in one or several 
environmental parameters eliminates species intolerant of such variation, and the 
system is dominated by species well adapted to the variation. In such systems a 
particular event of large variation may not cause a response in the biota, i.e. the event 
will not cause a disturbance. In contrast, an event of similar magnitude occurring in 
Ecosystem B is likely to cause a response in the biota, starting with the death of 
intolerant species, that can be classified as a disturbance. Ecosystem A can be thought of 
as disturbance driven (Phil Barker pers. comm. 1996), even though the variation it 
normally experiences does not lead to a disturbance, because in the absence of such 
variation Ecosystem A would tend towards the species composition of Ecosystem B. 
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Possible relevance to land-use impacts 
It has been argued by Hope (1984) that there is a link between disturbance ecology and 
land use impacts. Biota that are subjected to regular natural disturbances may have 
evolved mechanisms to anticipate or resist disturbance, to regenerate following a 
disturbance, or even to take advantage of the disturbance (Twoby and Lewis 1987). 
Frequently disturbed biota may already possess adaptations to cope with 
anthropogenic environmental variation, and so be 'preadapted' to the anthropogenic 
environmental variation. This concept has been borne out for selected species 
inhabiting rivers and floodplains (Poff and Ward 1990; Sparks et al. 1990; Yount and 
Niemi 1990), although the general applicability has yet to be evaluated. 
Biota are more likely to be preadapted to anthropogenic environmental variation that 
'mimics' natural environmental variation (Poff and Ward 1990). If the anthropogenic 
environmental variation is sufficiently different to that which occurs naturally, the 
adaptations of the biota may not be effective to contend with it and a disturbance may 
result (Poff and Ward 1990). Alternatively, the effect of anthropogenic variation may be 
to remove existing natural variation from a disturbance-dependent ecosystem, leading 
to a change in the ecosystem that also is classified as a disturbance (Vogl 1980). 
1.2.2 Natural sources of disturbance in billabongs 
Apart from Sparks et al. (1990), the disturbance ecology per se of billabongs and other 
floodplain lakes has not been studied. A number of factors lead to large-scale changes 
in temporal variability in the physicochemistry of floodplain lakes that cause or have 
the potential to cause disturbance. Floods modify the physicochemistry of floodplain 
lakes, affecting biota (Hamilton and Lewis 1987; Twomby and Lewis 1989; Hamilton et 
al. 1990), and are relatively discrete events (Sparks et al. 1990). New habitats are created 
(e.g. turbid, deep, or lotic water) and others destroyed (e.g. pelagic-lentic water). Two 
types of flooding can occur. Channel flooding (e.g. central Amazon, Orinoco) is 
probably best thought of as an environmental fluctuation whereas overbank flow 
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(larger floods of the Murray, Parana, Rhone) is more catastrophic in its effects (Roux et 
al. 1989; Carignan and Neiff 1992). 
Falling water levels create changes in the floodplain lake environment, some of which 
can be classified as disturbance. Water levels drop for three reasons: drainage of 
receding floodwaters, evaporation and subsurface water movements. In the Murray 
Basin, evaporation is well in excess of precipitation (Chapter 2), and in the summer 
some billabongs dry out completely (Hillman 1986). Even if lakes do not entirely 
disappear, falling water levels strand aquatic plants and their periphyton (e.g. Fittkau 
et al. 1975), and increase the influence of the sediments on the water column, causing 
extreme changes in physicochemical conditions. This can lead to markedly higher 
levels of sediments suspended by wind generated currents, and higher levels of 
nutrients (Schmidt 1972; Evans 1984; Walker and Tyler 1984; Briggs et al. 1985; Forsberg 
et al. 1988; Oliver 1990; Boon 1990; Hamilton and Lewis 1990). Diurnal shifts in 
temperature are bound to be much greater in shallow water. Some of these changes 
may surpass critical thresholds for the survival of intolerant species (cf. Berzins and 
Bertilsson 1989). Also, many billabongs on the Murray maintain good surface and 
subsurface connections with the parent river and are entirely drained of their standing 
water during low river flows (pers. obs.). 
Another form of disturbance reported in floodplain lakes is widespread anoxia 
resulting from wind or temperature-induced currents that mix highly reduced 
profundal waters with surface waters (e.g. Tundisi et al. 1984). In such cases the entire 
water column can become deoxygenated. Large pools of anoxic water can form 
following a period of water column stabilisation due to persistent temperature 
stratification, as bacteria consume oxygen during organic matter breakdown (Melack 
and Fisher 1983; Tundisi et al. 1984; Hamilton and Lewis 1987; Macintyre and Melack 
1988; Hamilton et al. 1990; Carignan and Neiff 1992). Anoxic water is particularly 
prevalent in or under macrophytes and in lakes dominated by macrophytes (Tundisi et 
al. 1984; Neiff 1986). Macrophytes not only provide organic substrates for bacteria but 
dampen currents that could destroy temperature stratification (Madsen and Warnke 
1983). 
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Diurnal stratification has been shown to occur in shallow lakes in the study region 
(Hillman 1986), but the regional pattern of stratification and factors contributing to it 
have not been determined. Nor has it been established how widespread persistent 
stratification is. 
1.2.3 Physicochemical parameters examined in this study 
The physicochemical parameters examined in this study are detailed fully in Chapter 3, 
but are outlined here because of their relevance to discussions that follow. The 
parameters examined are: billabong depth, nitrogen, phosphorus, turbidity, Seed 
depth, pH, major ions and temperature. 
1.2.4 Disturbance of Cladocera and macrophytes 
The biota examined in this thesis for impacts from farming and river regulation are 
Cladocera and aquatic macrophytes. There are 11 families of Cladocera, of which only 6 
are encountered in this study. Of these, two, the Chydoridae and Bosminidae, leave 
abundant fossil skeletal remains in sediments (Frey 1986; Chapters 4 and 6) and are 
used to provide information on the present day and historical ecology of billabongs. 
Skeletal remains of Macrothricidae are also encountered occasionally, and resting eggs 
(ephippia) of Daphnidae occur in low numbers. 
Aquatic macrophytes are only examined with respect to total community cover. 
Although this is crude analysis, a detailed examination of the fate of particular species 
is beyond the scope of this thesis. However, even at this crude level important 
generalisations can be made. For instance, primary productivity is generally higher in 
macrophyte than in limnetic phytoplankton communities (Likens 1975), and the 
differences in habitat provided by littoral macrophytes and the limnetic zone are self 
evident. 
As pointed out above, the longevity of the biota relative to the period of environmental 
variation is important for determining whether an event leads to a disturbance. 
Chydoridae reach sexual maturity in less than a week, and a generation lasts around 2 
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to 4 weeks (Frey 1987; Shiel 1990). The Bosminidae are about the same size as the 
chydorids and probably have a similar lifespan. Daphnids mature at the same rate but 
may live somewhat longer (Frey 1987). 
Aquatic macrophytes generally have lifespans on the order of a year or years. Since 
they often resprout annually from tubers or propagate by clonal reproduction (Grace 
1993) it is difficult to assign a discrete lifespan to these plants. Some smaller floating 
plants such as Azolla or Lemna persist perennially (Sainty and Jacobs 1981) but the 
turnover of individual plants is much faster than this (personal observation). 
Examples of disturbance of macrophytes include the shift in dominance towards algae 
as anthropogenic nutrient loading of shallow lakes increase (a press disturbance; e.g. 
Phillips et al. 1978; Hesper and Jagtman 1990; Jeppesen et al. 1991) or disruption by 
flood currents passing through floodplain lakes (a pulse disturbance; e.g. Carignan and 
Neiff 1992). The amount of aquatic macrophyte cover varies considerably between 
individual billabongs on the Murray and Ovens floodplains, but the extent to which 
this is due to disturbance is unknown. 
Although it is possible to envisage ways in which Cladocera could be directly or 
indirectly affected by land use impacts, it seems unlikely that Cladocera will be directly 
affected by anthropogenic changes in the parameters measured in this study. However, 
it is possible that Cladocera may be indirectly affected by variations in, for instance, 
nitrogen or phosphorus that affect algae that are their source of food. Furthermore, 
shallow lakes often switch from macrophyte to microphyte dominance, or vice versa, 
over a few years or less (Scheffer 1990; Bronmark and Weisner 1992), since both 
macrophytes and phytoplankton can dominate plant communities over a wide range of 
conditions (Timms and Moss 1984; Balls et al. 1989; Jeppesen et al. 1990; Scheffer et al. 
1993). Such rapid variations in macro- and microphyte dominance may cause a 
disturbance for biota such as Cladocera directly dependent on them for the provision of 
habitat and food. The macrophyte-microphyte balance may also have an additional 
effect on the incidence of Cladoceran disturbance due to anoxia. Phytoplankton 
productivity is lower than aquatic macrophyte productivity on an areal basis (Likens 
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1975), so they presumably provide less organic substrate for decomposition and hence 
a lower likelihood that an anoxic pool of water will develop. 
1.2.5 Spatial variation and the likelihood of disturbance 
The existence and regional distribution of different billabong types might influence the 
amount of land use impact on billabong communities in three ways. First is by the 
balance of specialists and generalists in billabong communities. The billabong system 
may be composed of a diversity of billabong types (cf. Hillman 1986) or may be 
dominated by the single feature of high temporal variation in conditions. Biota exposed 
to a large amount of environmental variation may have a greater chance of survival if 
they are generalists (Poff and Ward 1990). On the other hand, because of the relative 
antiquity of the ecosystem (Chapter 2; Williams 1988; Boon et al. 1990), enough time has 
passed for biota to have radiated into the many habitats provided by spatial variation 
in different billabong types, and specialists may be favoured. Generalists are more 
likely to be preadapted to disturbance than specialists (Poff and Ward 1990). 
Second, the location of similar billabong types relative to each other will influence the 
recovery of billabong communities following a disturbance. The opportunity for 
repopulation of a disturbed billabong may depend on how close the disturbed 
billabong is to a refuge of the same billabong type (cf. Niemi et al. 1990). 
Third and more broadly, a diverse or heterogeneous billabong system is more likely to 
suffer an anthropogenic impact than a homogeneous one, especially from regional 
agents, by virtue of the greater number of ways it is vulnerable. However, when a 
disturbance occurs in the homogeneous billabong ecosystem, the impacts are likely to 
be more widespread than occurs in the heterogeneous ecosystem since so many of the 
billabongs have the same limnology. 
Spatial variation between billabongs could arise from numerous factors known to affect 
billabongs in Murray Basin (reviews Shiel 1980, Hillman 1986, Boon et al. 1990; litter 
inputs Briggs and Maher 1983; for fauna, aquatic macrophyte community Roberts and 
Ludwig 1991, Rea and Ganf 1994) or floodplain lakes in other regions (e.g. size, shape 
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Hamilton and Lewis 1990, Sippel et al. 1992, Melack 1984; local drainage or groundwater 
inputs Forsberg et al. 1988, Hamilton and Lewis 1990; parent river Fittkau et al. 1975; 
Forsberg 1984; Tundisi et al. 1984, Richey et al. 1988; aquatic macrophytes Neiff 1986; 
Carignan and Planas 1994). Notwithstanding this, Van der Valk and Bliss (1971) 
studied succession in floodplain lakes on the Pembina River in Alberta, Canada, 
because they perceived them as replicate lakes owing to their common origin, the fact 
that all of the lakes are in the same area and thus experience similar environmental 
conditions, and have similar dimensions (to which could be added that they arise from 
the same substrate). 
With respect to characterising the spatial distribution of billabong types, the focus of 
this thesis is limited to examining some physicochemical differences only. 
1.2.6 River-floodplain interactions 
It is worth noting that much of the focus of land-use, especially farming, is not directly 
on the billabongs (details are in Chapter 2). Farming and regulation activities that 
directly affect floodplain lakes are obviously more likely to bring about ecological 
changes than effects on another component of the river-floodplain ecosystem or the 
surrounding landscape. The effects of land-use on areas adjacent to billabongs depends 
on the degree of the ecological connections between the rivers, floodplain and 
billabongs. 
Junk et al. (1989) proposed the 'Flood-Pulse Concept' as a theory for the functioning of 
lowland river ecosystems. The Flood-Pulse Concept predicts that there are a number of 
strong lateral ecological connections between rivers, their floodplains, and floodplain 
lakes, many of these being due to the 'flood-pulse'. This is based on evidence such as . 
organic matter exchange between the different compartments. They also argue that the 
'flood-pulse' is the predominant factor controlling the river-floodplain biota, although 
most of their supporting evidence is gathered from the floodplain rather than 
floodplain lakes. 
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Although the degree of lateral connection in the ecology of rivers, floodplains and 
billabongs will affect the impacts of land use, the applicability of the Flood-Pulse 
Concept to river-floodplains in the study region has yet to be determined. 
1.2.7 Summary 
The potential for impacts on billabong Cladocera and aquatic macrophytes resulting 
from of farming and river regulation can be usefully regarded in the context of 
disturbance ecology and selected aspects of the limnology of billabongs. These, of 
course, are meant for use as background for conducting the investigation rather than as 
factual descriptions of billabong ecosystem behaviour. 
The concept of disturbance ecology and relevant aspects of billabong limnology are 
summarised as follows: 
1) Farming activities and river regulation do not occur uniformly in the study region, 
but both are widespread. 
2) River regulation or farming activities remote from billabongs may still have an 
impact if the ecological connections between billabongs and the river-floodplain are 
strong enough (e.g. Flood Pulse Concept, Junk et al. 1989). 
3) Widespread effects of farming and river regulation may impact all billabongs, in 
which case they may not be detectable from the present day patterns of limnology. 
4) A disturbance is a change in the survivorship of biota caused by an event of 
environmental variation (White and Pickett 1985; Sparks et al. 1990). 
5) Billabong communities exposed to a large amount of natural disturbance are more 
likely to be adapted to environmental variation caused by farming and river regulation 
than billabong communities that are rarely naturally disturbed (cf. Poff and Ward 
1990). If so, such communities are said to be preadapted to the anthropogenic 
disturbance. 
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6) Anthropogenic environmental change may mimic natural variation or create 
variation of a novel kind; the latter is more likely to cause a disturbance (Poff and Ward 
1990). 
7) The frequency of natural disturbance relative to the lifespan of an organism will 
affect the possibility that it has developed adaptations for disturbance (Farmer and 
Adams 1991). 
8) Press anthropogenic variation will create a new billabong state, whereas the 
billabong will recover following pulse anthropogenic variation (cf. Yount and Niemi 
1990). 
9) The spatial extent of an anthropogenic disturbance will affect the ability of intolerant 
biota to recover by reinvading sites from refugia following abatement (Niemi et al. 
1990). 
10) The billabong ecosystem may be composed of a diversity of billabong types, each 
with a unique community, or be relatively homogeneous. Spatial heterogeneity will 
increase the likelihood of anthropogenic disturbance of the ecosystem, but decrease the 
regional magnitude. Conversely, a homogenous billabong ecosystem is less vulnerable 
to anthropogenic impact but if an impact occurs it is likely to be regionally extensive. 
The focus of this study is on characterising the spatial and temporal patterns of 
billabong physicochemistry, Cladocera and aquatic macrophytes. With respect to 
physicochemistry, particular attention is paid to whether the anthropogenic variation 
larger or timed differently than naturally occurring variation. Macrophytes and 
Cladocera function on different time scales, and the temporal variation in the billabong 
physicochemistry described in parts of this study is more relevant to macrophytes than 
Cladocera (Chapter 3). 
Anthropogenic disturbance of billabongs should be detectable as differences between 
billabongs close to farms or on regulated reaches, and billabongs remote from these 
activities, unless their effects are widespread. Regional effects could arise from strong 
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lateral ecological connections in the river-floodplain ecosystem, or in the case of 
farming, due to the ubiquitous nature of some of the activities (Walker and Hillman 
1977 p. 118). In this case, evidence for the impacts of farming and river regulation must 
be sought from the historical record. 
Variations in the biota related to farming and regulation are by definition disturbances; 
the detection of such variation is important but its classification as a disturbance not in 
itself very insightful. However, by comparing the patterns of physicochemistry and 
biota, and having regard to the concepts of disturbance outlined above, some useful 
insights into the mechanisms of anthropogenic disturbance, or the resistance to 
anthropogenic environmental variation, may emerge. 
1.3 Aims and scope 
This thesis is an investigation of the impacts of farming and regulation on billabong 
physicochemistry and biota. The billabongs of interest occur in the valleys of the 
Murray River above Barmah Forest and the Ovens River below Wangaratta. 
The specific aims are: 
1) To characterise the spatial and bimonthly variation in physisochemistry and aquatic 
macrophyte cover between billabongs in the region over 15 months. 
2) To describe the historical patterns of Cladoceran communities, aquatic macrophyte 
abundance, sedimentation rates and sediment redox from pre-European settlement to 
present day for a number of billabongs in the region. 
3) To determine the extent that farming and river regulation have contributed to the 
patterns physicochemistry, aquatic macrophytes and Cladocera in billabongs. 
4) To consider whether activities associated with farming and river regulation 
constitute a disturbance with respect to Cladocera and aquatic macrophytes. 
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1.4 Structure of the thesis 
Chapter 2 introduces the study region, some features of its billabongs, and its land-use 
history. Particular attention is paid to the timing of the introduction of farming 
practices and river regulation. The methods and rationale for delineating the study 
region and selecting the billabongs for study are outlined. The characteristics of the 
billabongs selected for study are summarised in the last section of the Chapter. 
In Chapter 3 an analysis of present-day billabong physicochemistry is presented. The 
results of a 15 month survey of 43 billabongs are analysed for spatial and temporal 
trends. Variation attributable to farming and regulation is characterised and contrasted 
with natural variation. This information provides the foundation for assessing the 
effects of farming and regulation on the biota in Chapter 4, and for interpreting the 
environmental history of billabongs in Chapters 5 and 6. 
In Chapter 4 the effects of farming and regulation on present-day on the aquatic 
macrophyte cover and Cladocera are determined. Physicochemical variables affected 
by farming or regulation are also tested for their effects on the biota, as are several 
other important explanatory variables. These data will indicate if farming and 
regulation disturb cladoceran and macrophyte communities. An index, for littoral 
macrophyte coverage, based on the relative amounts of pelagic and plant-loving 
Cladocera, is evaluated for use in reconstructing historic levels of macrophyte cover 
using Cladoceran fossils in Chapter 6. Other characteristics of the crustacean 
communities are noted for discussion in later Chapters. 
In Chapter 5 the historic record of profundal redox conditions and levels of 
phosphorus in the water column are reconstructed using sedimentary evidence. Pre 
and post-settlement sedimentation rates are compared in three billabongs. The 
sedimentary criteria for interpreting environmental change are established first, as is 
the veracity of using carbon, lead and caesium isotopes for dating, and Pinus pollen for 
stratigraphic correlation. In all, cores from 7 billabongs are examined in detail, with 
supplementary data from a further four. 
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In Chapter 6 the history of the biota is examined from 8 sediment cores. The ratio of 
chydorid to bosminid remains is used to trace changes in aquatic macrophyte cover. 
Pooled samples of presettlement chydorid cladoceran remains are compared with 
postsettlement samples for differences in species composition. Profiles of biogenic silica 
give an indication of changes in the productivity of siliceous algae (diatoms and 
chrysophytes) through time. These data are used to determine if either farming or 
regulation has caused a disturbance historically. 
In Chapter 7 the information from previous Chapters is integrated and discussed. The 
impacts of farming and regulation are discussed in reference to their capacity to cause a 
disturbance in the biota. Inconsistencies in the data are reconciled by consideration of 
ecological processes other than disturbance occurring in billabongs. 
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Figure 2.1 The study region is on the Murray River from just east of Corryong, Victoria, to just west of Tocumwal, N.S.W., in the Barmah Forest, and on the 
Ovens River downstream of W angaratta. One billabong on the lower Kiewa River is also included. 
Chapter 2 Physiography and history of the region, and 
billabong selection 
2.1 Characteristics of the study region 
2.1.1 Primary rivers 
The primary rivers in the basin are the Darling, draining the north, which is itself a 
tributary of the Murray in the south. The lengths of the Murray and Darling Rivers are 
2570 km and 2730 km respectively (Brown and Stephenson 1991). Their combined 
length of 5300 km make the Murray-Darling the fourth longest river system in the 
world (Twidale 1973). The Murray-Darling Drainage Basin has an area of 1,036,000 km.2 
(Brown and Stephenson 1991), making it the sixth largest drainage basin in the world 
(Twidale 1973), and can be divided into the northern Darling and southern Murray 
Basins. 
The study region is in the southeastern corner of the Murray-Darling Drainage basin 
(figure 2.1). The Murray River has an average daily flow (calculated from 1978 to 1986; 
Mackay et al. 1986) of around 72,000 ML/ d at Jingellic, 96,000 ML/ d just downstream 
of the Hume Weir, 128,000 ML/d upstream of the confluence with the Ovens River and 
117 ML/d below the Yarrawonga Weir, where 40,000 ML/dis removed for irrigation. 
Major tributaries in the study region are the Mitta Mitta R. (18,000 ML/ d), the Kiewa R. 
(12,000 ML/ d) and the Ovens R. (28,000 ML/ d). 
Rivers of the study region have nutrient levels close to the threshold for nuisance algal 
blooms (table 2.1; cf. ANZECC 1992), but relatively low levels for rivers in the Murray-
Darling Basin (Mackay et al. 1988). The regional rivers are also characterised 
circumneutral pH, cool to warm temperatures, and relatively clear waters for the 
Murray-Darling Basin. 
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Table 2.1. Water quality of the upper Murray River and major tributaries, from 8 years of biweekly to 
monthly sampling (Mackay et al. 1988). Heywoods is just downstream of the Hume Weir, before Albury. 
The Ovens River was sampled at Peechelba East, about 2/3 the way from Wangaratta to the confluence 
with the Murray River. The K.iewa River was sampled at Bandiana, about 10 Km from the confluence 
'th th M Ri Wl e urray ver. 
measure MurrayR Mitta Murray Rat MurrayRd/s 
at Jingellic Mitta R Heywoods KiewaR OvensR Yarrawonga 
TP min 7 5 2 3 11 5 
ug/l median 23 25 26 35 46 50 
max 260 160 135 204 340 310 
DP min 3 3 1 1 3 1 
ug/l median 10 10 8 10 16 10 
max 71 124 44 93 280 80 
KjeldN min 50 100 40 10 150 70 
ug/l median 250 250 260 170 300 450 
max 850 1200 1100 2910 900 1380 
NOx min 3 4 3 4 5 3 
mg/l median 30 91 75 42 106 30 
max 880 420 574 616 400 600 
conductivity min 24 31 41 23 29 39 
uS/cm@25°C median 41 58 56 49 74 62 
max 95 88 75 83 480 138 
turbidity min 0.2 0.4 0.8 1.5 0.8 0.5 
NTU median 2.4 2.5 3.9 5.9 6.4 6.0 
max 34 56 46 175 61 125 
colour min 5 5 1 2 5 3 
(HU) median 20 20 13 10 20 9 
max 80 70 50 80 60 55 
pH min 6.2 6.2 6.6 6.7 6.2 6.4 
median 7.4 7.4 7.4 7.4 7.4 7.3 
max 8.4 8.4 8.7 8.2 8.4 8.6 
temperature min 6 6 7 2 5 7 
oc median 14 13 14 13 16 18 
max 28 27 24 30 30 30 
2.1.2 Geology and geomorphology 
The post-Palaeozoic geologic history of the region is notable for the absence of major 
tectonic activity which has resulted in a fairly subdued topography (Bowler 1990). The 
only significant topographical relief occurs in a narrow band of mountains, the Great 
Dividing Range, that form the southern and eastern boundaries of the basin and 
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separate short coastal rivers from the extensive Murray-Darling system. The highest 
mountains, rising to just over 2200m, are in the southeast corner of the range. 
Elsewhere the basin boundary is made up of hills of around 500-1000 min height. Most 
of the Murray-Darling Basin lies below 200m altitude and the terrain is flat or gently 
undulating, except for isolated bedrock hills and aeolian dunes (Riley and Taylor 1978; 
Bowler 1978; Bowler and Magee 1978). 
The hills and mountains in the basin are primarily composed of Proterozoic to late 
Paleozoic sedimentary rocks and metasediments that were uplifted initially some 250 
million years ago, with volcanic rocks in some areas (SPCC 1987; Brown and 
Stephenson 1991). Between the late Devonian and the early Tertiary the region was 
stable and there was widespread erosion of the landscape by rivers and glaciers, 
removing much of the Devonian to Cretaceous sediments in the basin. 
Cainozoic sediments eroded from the mountain ranges in the east and south have 
combined with marine sediments deposited during incursions from the southwest 
forming an extensive, low-lying plain in the basin (Brown and Stephenson 1991). The 
rivers draining the eastern and southern highlands have created a series of low-angle 
coalescing alluvial fans (Butler et.al. 1973). The study region is therefore entirely 
underlain by fluvial sediments. 
The general drainage pattern observed today was established by the Eocene 
(Macumber 1978). Much of the general drainage pattern in the Murray-Darling Basin 
appears to be structurally controlled, with the rivers overlying lineaments (Twidale 
1973). However, relict traces of ancient rivers can be seen throughout broad areas of the 
Murray Basin. 
The rivers of the Mid-Miocene were rejuvenated following a marine regression and 
incised deeply into the Early Tertiary sediments and sometimes the Paleozoic basement 
rocks (Macumber 1978). These gorges were backfilled with mainly coarse sediments in 
the subsequent marine transgression. The immediate precursors to the modern rivers 
incised slightly into their plains, and present day rivers remain entrenched a few meters 
below the surface of the plain in most areas (Riley and Taylor 1978; Bowler 1978). 
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Rivers, wind (deflation basins: Bowler 1973) and minor faulting (Bowler 1978) are the 
only active forces of lake formation in the Murray-Darling Drainage Basin. Glacial and 
periglacial activity has been restricted to a limited area on the margins of the basin. 
Billabongs are formed in depressions caused by the erosive energy of rivers, and are 
kept filled by periodic floodwaters. The source of nearly all the water for erosion and 
rejuvenation is the mountain ranges in the south and east. Billabongs and especially 
cutoff meanders become well developed at the edges of the lowland floodplain starting 
south of Corryong, Victoria. There are 5890 billabongs larger than 1 ha, totalling 72226 
ha (excluding storages), on the Murray River and its anabranches between Albury, 
N.S.W. and Loxton, S. A. alone (Pressey 1986). 
Hills fringe the floodplain until around Howlong, New South Wales, just west of 
Albury. Despite being bound by hills, the width of the floodplain from around 
Corryong to west of Tintaldra, Victoria, is 2-3 km wide, gradually narrowing to 1 km or 
less west of Tintaldra. The floodplain between Albury and Corowa is again fairly wide, 
approximately 3 km, narrowing to 2 km as the river turns south just upstream of 
Corowa. It maintains this width until west of Tocurnwal where the river enters the 
broad, fault produced, floodplain of Barmah Forest at the western end of the study 
region. The Ovens river floodplain below Wangaratta is 1-3 km wide. 
2.1.3 Climate 
The climate of the Murray-Darling Drainage Basin, outside of the alpine zone, is 
relatively dry and warm. Precipitation is not particularly low, but evaporation is well in 
excess of precipitation over much of the basin (Bowler 1990; tables 2.1-2.3). Significant 
falls of rain and snow occur in the southern and eastern ranges, and annual 
precipitation declines rapidly northwest from the ranges to the lowland plains. Rainfall 
in the southern part of the drainage basin is slightly higher in winter than summer. 
Summer falls are on average more intense than winter falls, which are spread out over 
more rain days. Annual precipitation is variable, especially tending westward in the 
basin (Walker 1986). Temperatures are warm to hot in summer and cool in winter. 
22 
Evaporation is high due to a combination of winds and extended hot spells that 
characterise the summers. 
The climate of the study area, classified using the Koppen system, is borderline 
Cfa/Cfb in the eastern Murray Valley and BSk west of about Albury. The climate east 
of Albury is more humid, cloudier, cooler, and less windy than the greater part of the 
Murray Basin, but evaporation is still in well excess of precipitation at lower altitudes 
where the billabongs are located (Corryong table 2.2; Upper Murray and Mitta Mitta in 
table 2.4). 
Table 2.2. Mean annual climatic conditions for stations in the southern Murray Basin and the eastern 
Murray River Valley (Corryong). Source: unpublished records of the Australian Bureau of Meteorology. 
mean mean mean 
station elevation evaporation precipitation temperature 
(m) (mm) (mm) (OC) 
Field area 
Corryong 314 1179 778 14.2 
Rutherglen 168 1586 598 14.5 
Corowa 143 no data 539 15.7 
Wangaratta 150 no data 634 15.3 
Tocumwal 108 no data 454 16.3 
Mid Murray Basin 
Deniliquin 93 2154 424 15.9 
Western Murray Basin 
Mildura 51 2167 300 16.9 
Southern ranges 
Strathbogie 506 1162 987 12.3 
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Table 2.3. Average monthly climatic conditions for midsummer (January) and midwinter (July). Rain 
days are where precipitation exceeds 0.1 mm. Clear and cloudy days are where the average of the sky at 
9 am and 3 pm is less than 2/8 or greater than 6/8 clouds. Windy days are days where the mean wind 
exceeds 6 km hr1. Range is the range of mean monthly averages. Mildura is to the west of the field area, 
in the semiarid zone. Source: unpublished records of the Australian Bureau of Meteorology. 
mean 
max temp min temp panevap precip rain clear cloudy windy 
station (OC) (OC) (mm) (mm) days(#) days(#) days(#) days(%) 
Januaiy 
Corryong 30 13 205 7 11 6 62 
Rutherglen 31 14 273 49 5 13 5 87 
Corowa 32 16 56 6 12 4 69 
Wangaratta 31 15 6 14 5 60 
Tocumwal 32 16 5 16 5 64 
Mildura 32 16 332 21 4 14 3 82 
range 9 7 150 10 14 10 
.hili 
Corryong 11 2 25 16 2 17 26 
Rutherglen 12 2 31 14 6 14 81 
Corowa 13 3 58 12 6 11 50 
Wangaratta 13 3 14 6 14 60 
Tocumwal 14 3 10 6 14 64 
Mildura 15 4 62 27 9 6 11 84 
range 4 7 40 16 12 13 
2.1.4 Groundwater 
Generally speaking, surface and ground waters are fresh in the study region, usually 
below 400 mg 1-1 (Collett 1978; Shugg 1988). Groundwaters in the drainage basin are 
isolated and become saline west of the study region and commonly throughout the 
drainage basin (AWRC 1976; WRC 1977; Evans and Kellett 1989; Knight and Martin 
1989). Shallow groundwaters in western parts of the Murray Basin may rise above 
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35000 mg/land deeper groundwaters are as high as 300,000 mg/l (Evans and Kellett 
1989) so that groundwater window lakes in this region are generally saline. On the 
active floodplain, there is some evidence that fine sediments deposited by the present-
day river systems act as an aquaclude, isolating surface waters from underlying 
groundwater stores (Bren 1988). 
Table 2.4. Catchment climate and flow for natural and regulated conditions. Where water balance 
figures are expressed as ranges, they represent the range of mean annual conditions found in the 
catchment. Runoff is expressed as percent of precipitation. A few minor tributaries, in terms of flow, 
are not included except in Murray River figures. 
approx. mean annual mean annual 
water balance discharge (Gl/y) 
precip. evapor. runoff water 
tributary catchment (range, (range, (mean, yield natural' regulated' 
area (km') mm) mm) %) (Gl/y) 
Darling 640270 170-400d 1580-2200d <0.ld 7020 3475b 2042b" 
Lachlan 84670 280-900 970-1780 4 1330 
Murrumbidgee 84020 320-1580 700-1620 10 3200 2797b 1294 
Upper Murray & 
Mitta Mitta 15281 630-1580. 700-1260. 28' 3590 
.Kiewa 2046 723 
Ovens 7848 1676 
Goulbum, Broken, 28179 3776 3667 1361 
and Cam ese 
Murray 1060000 22261 12654 4867 
source AWRC WRC WRC WRC AWRC Thomson Thomson 
1976 1977 1977 1977 1976 1994 1994 
a regulated disharge plus diversions; data is highly skewed: median usually around 1 /2 of the mean 
ban overestimate since gauging station is well upstream of the confluence with the Murray 
c not including a major storage (Menindee Lakes) 
d western NSW section only, the driest section of the catchment 
e NSW section only which is 34% of the basin 
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2.2 Modifications related to European settlement 
2.2.1 Population growth 
History 
The study region was inhabited by aboriginal people before settlement. There are some 
indications that the aboriginal population had declined somewhat before settlers 
arrived in the region due to diseases introduced by earlier settlers on the coasts (Sturt 
1833; Barwick 1971). 
The region was discovered by Europeans in the expedition of Hume and Hovell in 
1824. Many people in this era considered pastoralism as a route to wealth (ABS 1982), 
so the area was soon after inhabited by pastoralists. Settlement proceeded downstream 
from the east and by 1839 Murray River frontage was taken up by squatters 
(pastoralists without security of land tenure) to the western end of the study area 
(Buxton 1967). 
In the 1850's there was increasing subdivision of station property (0. Williams 1962) as 
squatters and others were granted land tenure so that by 1861 there were 10,000 
European inhabitants in the eastern plains of the Murray Basin, known as the Riverina 
(Buxton 1974). The population of the study r~gion has grown steadily since then. 
Albury had a population of 442 in 1851, about 6,000 at the turn of the century, and 
today the Albury-Wodonga area boasts a population of around 70,000 (Buxton 1967; 
ABS census statistics). The area upstream of Albury is hilly and therefore somewhat 
less densely populated than the region on the Murray and Ovens Rivers between 
Albury, Tocumwal and Wangaratta. 
Effects on rivers 
Historic inputs of sediment 'sludge' from mining operations in the catchments of the 
Kiewa, Ovens and Mitta Mitta Rivers is thought to have seriously polluted the Murray 
26 
around the tum of the century (Rutherfurd 1991). Buxton (1974) lists numerous 
industries occurring on the Murray River in the nineteenth century that were polluting 
the water but no details are given. Generally speaking, there is only light industry on 
the Murray River now and pollution inputs from industry are intended to be low so 
that the water can be used for drinking purposes in downstream towns and the cities. 
The effects of urban sewage works on river nutrient loads are considered below along 
side diffuse inputs from farm activities. 
2.2.2 River regulation 
History 
River regulation was undertaken to create a reliable supply of irrigation water, and to 
maintain flows for navigation, salinity abatement and suburban water supply, but the 
system is also used for flood mitigation Gacobs 1990). Jacobs (1990) lists the most 
important impoundments of the eastern Murray Valley. These are the Hume Weir 
(filled ~ 1930 and operating by 1936 to 1520 Gl capacity, enlargement to 3040 Gl 
completed in 1961) and the Dartmouth Dam (operating by 1979, capacity of 4000 gl). A 
small weir (120 Gl) was built at Yarrawonga in 1939. The upper Murray River also 
receives flows diverted from water flowing eastward towards the coast by the Snowy 
Mountains Hydroelectric Scheme, which was operating by 1974 (Maheshwari et al. 
1995). 
Natural flow and effects of regulation 
Discharge and seasonality of flows 
The Murray and Darling rivers are small for the size of their catchments. The natural 
mean annual discharge of the Murray River is around 12,500 GL, only 1/22nd that of 
the Danube River, which has a catchment 80% the size of the Murray (Twidale 1973; 
Close 1990; Thomson 1994). 
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The small natural discharge of the Murray results from the combination of low runoff 
and high transmission losses. Average runoff for the drainage basin is only 21 mm 
(AWRC 1976) due to the semiarid climate that prevails in the west. Only the southeast 
and eastern fringes actually contribute runoff; in an average year, 37% of the inflows to 
the Murray originate from the southeast 1.5 % of the drainage basin (Jacobs 1990). 
Eighty percent of the main stem of the Murray receives no direct runoff (Burton 1974), 
and far less of the Darling catchment contributes runoff. Transmission losses are readily 
apparent from the data in table 2.4. The overall gradient between Yarrawonga and the 
mouth of the river, a distance of 2000 km, is 1:16,000 (from fig. 4.2 SPCC 1987). Slight 
relief in the basin (e.g. figure 2.4) leads to substantial water losses to distributary 
channels or anabranches that flow slowly through marshes or end in terminal lakes and 
marshes instead of rejoining the main channel (e.g. Maher 1984). Under natural 
conditions 43% of the total yield is lost to evaporation and distribution (table 2.4). 
Designed diversions (average 11,000 GL/y; Thomson 1994) currently account for about 
50% of the total catchment yield of 22,261 GL/y, and has resulted in a decrease in 
annual discharge from -12,500 GL/y to just 4900 GL/y. Median discharge has been 
affected even more (11,000 to 2500 GL/y; Thomson 1994). The result is that much of the 
already meagre headwater contributions of rivers in the drainage basin in the southeast 
are lost to designed diversions. The Snowy Mountains Scheme augments annual 
Murray River flows at Albury by about 12% (Close 1990; Maheshwari et al. 1995). 
Maheshwari et al. (1995) examined annual and monthly flows occurring under natural 
conditions (obtained from records and simulations) and regulated conditions during 
various stages of regulation development. Annual discharge at Albury has decreased 
only 2-3% due to operation of the Hume Dam, whereas annual discharge at 
Yarrawonga, below the major diversion for irrigation, has decreased 2%, 8%, 21 % and 
25% due to operation of the Hume Dam in 1930, the Yarrawonga Weir, upgraded 
Hume Dam, and the Dartmouth Dam, respectively. 
Although annual discharge at Albury has changed little with regulation, the seasonality 
of flows has been altered. At Albury, average natural flows are low between January 
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Table 2.5. Discharge for various stations and flood stages of the Murray river and upper tributaries. 
Bankfull discharge was obtained from RMC (1977), Rutherfurd (1991) and contact with the Murray-
Darling Basin Commission. Discharge for minor to major flooding was obtained from 1Lyndsay White 
pers. comm. (Murray Darling Basin Commission), 2Peter Zimmerman pers. comm. (Australian Bureau of 
Meteorology), 3estimates from stage-discharge graphs (see Rutherfurd 1991, appendix 1), and 
4Rutherfurd (1991). The classifications of 'minor', 'moderate' and 'major' floods are made in reference to 
their impacts on human activities (Peter Zimmerman pers. comm., Australian Bureau of Meteorology, 
1997). Minor floods affect some pasture and low roads; moderate floods affect some important traffic 
links and cause some house evacuations; and major floods cause extensive flooding of rural areas, towns 
and major roads, and bring about widespread evacuations. 
station 
Jingellic 
Doctors Point 
Wangarrata 
(combined flow) 
Yarrawonga 
(below weir) 
Tocumwal 
flow class 
bankfull 
minor flood 
moderate flood 
major flood 
bankfull 
minor flood 
moderate flood 
major flood 
bankfull 
minor flood 
moderate flood 
major flood 
bankfull 
minor flood 
moderate flood 
major flood 
bankfull 
minor flood 
moderate flood 
major flood 
discharge (Ml/ d) source 
18,000 1 
31,500 1 
56,700 3 
109,000 3 
25,000 1 
52,300 1 
116,000 3 
189,000 3 
14,400 1 
25,030 1 
40,500 2 
98,000 2 
62,000 1 
81,100 1 
94,700 3 
186,500 3 
50,000 4 
77,280 1 
99,000 3 
188,000 3 
and April, then steadily rise to a peak in October, after which flows rapidly decline 
(Close 1990; Maheshwari et al. 1995). Peak monthly flows are about 8 times minimal 
monthly flows. The aim of regulation has been to maintain flow in summer for 
irrigation using dam releases, and flows in winter are reduced to refill the dams (Baker 
and Wright 1978; Walker 1979). The effects of river regulation have therefore been to 
dampen the rise in flow between May and October, and to maintain elevated October 
flow levels throughout the summer (November to March). Currently, peak monthly 
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Table 2.6. Effects of flow regulation on flood duration and variability at selected stations for the Murray 
and Ovens Rivers. Flow variability is particularly sensitive to the length of the record, so variability for 
the entire regulated is also included for comparison. Daily flow was provided by the Murray-Darling 
Basin Commission. Note that Yarrawonga and Tocumwal records begin later than the other stations. 
D il fl . d d b th M D lin B . C Fl d d f d . bl 2 5 a·Ly ow was prov1 e >y e urray- ar Lg asm ommiss1on. 00 s eme mta e . . 
average flood 
period 
duration (days): variability of annual 
station >bankfull minor flood flows (max/min) 
1891-1929 5.7 2.6 8.2 
Murray R., Jingellic (1930-1996) 
-- --
7.8 
1930-1960 6.7 3.3 7.8 
1961-1996 7.7 3.2 5.7 
1891-1929 13.4 6.3 11.8 
Murray R., Albury (1930-1996) -- -- 8.4 (Doctors Point) 1930-1960 28.2 11.2 8.4 
1961-1996 12.6 9.1 4.9 
Ovens R., Wangaratta 1891-1929 7.3 3.4 27.9 
(combined flows) (1930-1996) 
--
-- 21.5 
1930-1960 8.0 4.5 15.2 
1961-1996 9.0 5.2 19.2 
Murray R., Yarrawonga 1905-1929 11.9 8.5 9.0 
(below weir) (1930-1996) -- -- 9.7 
1930-1960 13.l 11.1 9.4 
1961-1996 15.1 9.6 8.0 
1908-1929 15.5 5.4 12.8 
Murray R., Tocumwal (1930-1996) -- -- 9.3 
1930-1960 21.3 11.3 9.0 
1961-1996 20.1 12.6 7.7 
flows are only about 4 times minimal monthly flows at Albury. Similarly, at 
Yarrawonga flow variation has declined from a 10-fold difference in peak and minimal 
monthly flows to just a 4-fold difference (Maheshwari et al. 1995), and seasonal shifts in 
flow levels have occurred as at Albury. 
Flow variability 
Natural flow variability in the field area is generally high relative to tother parts of the 
world. Rutherford (1991) reports that ratio of maximum to minimum discharge is 
between 3 and 10 for most European rivers, and for North American rivers between 3 
and 15. Natural flow variability on the Murray River in the field area is between 8 and 
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Table 2.7. Effects of flow regulation on flood recurrence at selected stations for the Murray and Ovens 
Rivers. The Murray R. at Jingellic and the Ovens R. are substantially unregulated and the other stations 
are on regulated reaches. Recurrence is expressed as annual return interval (ARI), ie. the average number 
of years between floods. However, floods that occur within 30 days of one another are treated as a single flood 
event. This reduces the number of floods by about 2-3 times, but makes the ARI's comparable to those 
cited in Rutherfurd (1991). Too few major floods occurred to make comparisons meaningful. Also see 
ti t t bl 2 6 cap on o a e .. 
flood stage 
bankfull minor moderate major 
annual return annual return annual return annual return 
interval interval interval interval 
station period (years) (years) (years) (years) 
1891-1929 0.74 1.44 4.9 39 
1930-1960 0.63 1.03 2.4 16 
Murray R., Jingellic 1961-1996 0.85 1.09 3.9 18 
1891-1929 0.68 1.56 13.0 --
Murray R., Albury 1930-1960 1.19 1.48 15.5 --
1961-1996 0.81 2.06 8.8 35 
Ovens R., Wangarratta. 1891-1929 0.83 1.63 5.6 39 
1930-1960 0.89 1.03 2.1 -
1961-1996 0.74 0.88 1.5 12 
Murray R., Yarrawonga 1905-1929 1.25 1.92 2.3 6 
(below weir) 1930-1960 1.35 1.94 1.9 31 
1961-1996 1.94 2.50 2.7 18 
1908-1929 1.29 3.14 4.4 22 
Murray R., Tocumwal 1930-1960 1.29 2.21 5.2 --
1961-1996 1.52 2.92 3.5 35 
13, and on the Ovens River is 28 (table 2.6). Regulation has had little effect on the ratio 
of maximum to minimum flows in the study region. The ratio has dropped for the 
Murray River at Albury and Tocumwal, but only a little more than what has occurred 
on relatively unregulated reaches at Jingellic and Wangaratta (table 2.6). Of course, the 
data in table 2.6 are not adjusted for differences in climate between regulated and 
unregulated periods. More importantly, though, they do not measure daily flow 
variation. On the regulated Murray River, quite large swings in daily gauge heights can 
be seen as progressive dam release events pass through the system. These contrast with 
the less numerous flow peaks found in unregulated rivers. 
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Frequency, magnitude, duration of floods 
In natural conditions the duration of flooding on the Murray and Ovens Rivers is about 
1 to 2 weeks for floods exceeding bankfull, and about 3 to 8 days for minor floods 
(tables 2.5 and 2.6). Bankfull floods occur about once every 0.7 to 1.3 years in natural 
conditions, depending on the station, compared to every 1.5 to 3 years for minor floods, 
5 to 13 years for moderate floods, and every 2 to 3 decades for major floods (table 2.6). 
At Yarrawonga, moderate and major floods are more common, probably since the 
station is just below the confluence of the Murray and Ovens Rivers. 
The effects of regulation on the duration of minor and greater than bank full flooding 
are not clear-cut. The duration of flooding has varied little in unregulated reaches 
before and after regulation (table 2.6). In stations on regulated reaches the duration of 
flooding has increased slightly since regulation but the amount of increase varies 
depending on the post-regulation time period examined, especially at Albury. 
The effects of river regulation on the occurrence of floods depends on the flood level 
and the gauging station (table 2.7). As in table 2.6, the data in table 2.7 do not take into 
account climatic differences between unregulated and regulated periods, and so only 
suggest what the effects of regulation may be. The data in table 2.7 represent what the 
floodplains experienced in those periods due to both climate and regulation. The rate of 
occurrence of floods just over bank full, and also major floods, appear to have changed 
little with regulation (table 2.7). Large floods often pass through storages unabated 
since they are usually preceded by extended wet periods that fill the dams and weirs 
Oacobs 1990; Close 1990). The rate of minor flooding has decreased since regulation due 
to the capacity of dams to store such flows. However, moderate floods are more 
common near Albury following regulation. 
Billabong flooding 
Pressey (1986) classified billabongs depending on their connectivity with the river, and 
all the billabongs in this study belong to either category 2 or category 3 wetlands (see 
below). Category 2 billabongs maintain a connection with the river during high 
irrigation (regulated) flows, which are close to bank full. These billabongs are probably 
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flooded about as often now as before regulation, but summer floods have likely 
increased and winter floods decreased. Also, some Category 2 billabongs maintain 
subsurface connections with the Murray River, and the water levels in such billabongs 
can be observed to rise and fall with the numerous irrigation releases that occur during 
summer. Category 3 billabongs are isolated from irrigation flows and so are only 
replenished by minor to major floods. These billabongs could be therefore be expected 
to be flooded less often than before regulation with the reduction in occurrence of 
minor floods. 
Other impacts of regulation 
Lower sediment loads in river waters have resulted from sediment trapping by dams 
and weirs (Walker and Hillman 1977). River regulation may be responsible for the 
decline of certain migratory native fish species in the Murray Basin (Cadwallader 1978, 
1986), which could affect food chains even in unregulated sections of river. 
2.2.3 Farming 
Introduced stock 
The advent of farming in the region was in 1838 when the first herds of cattle were 
taken along the river to Adelaide (Buxton 1967). Prior to settlement the largest grazers 
in the study area were the soft-footed Grey Kangaroos which weigh around 50 kg, 
considerably less than cattle. By 1845, squatters had taken up pastoral runs along river 
frontage on the Murrumbidgee and eastern parts of the Murray River as far as the 
Murray-Murrumbidgee confluence (Buxton 1974). 
Early farming was very basic and there was less stock in the Riverina than in later 
periods, but the pastoral activity was concentrated on areas near the rivers. Before 1860, 
the development of fencing and water storage were minimal (Buxton 1967) and stock 
were kept within a days walking distance from the river, about 10 miles, for watering 
(Williams 1962; Buxton 1974). Meander loops created natural boundaries for paddocks 
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that then only had to be fenced at one end (Buxton 1974). In this period, the region 
below Albury was used primarily as a stock route and a fattening centre for beef cattle 
imported from neighbouring districts. This activity returned a narrow margin per head 
of stock, which meant that a high turnover of large numbers of stock was required to 
make a profit (Williams 1962). 
During the gold rush years of the 1850' s, enormous numbers of cattle were imported 
and fattened in pastures, especially the river frontage, reed swamps and saltbush of the 
Riverina, before being delivered to the gold fields to feed roughly half a million 
immigrants (0. Williams 1962; Buxton 1967, 1974). The source of stock included the 
upper Murray in the eastern part of the field area. 
In the 1860s station activity became increasingly important, although the use of the 
floodplain for fattening and as a stock route continued for some time. Following the 
gold rush, cattle disease and harsh cow economics (oversupply), many pastoralists 
began to run sheep (Buxton 1974). The Murray continued to serve as a major stock 
route and in 1865 it was "estimated that some 350,000 sheep per year were being 
brought along the river, monopolising the feed" (Murray Darling Basin Commission 
1990, p. 43). Today, the Murray used is for the more sustainable production of meat, 
wool and dairy rather than as a stock route. Cattle and sheep herds were therefore well 
established in the region before the start of colonial records (figures 2.3 and 2.4). 
Numbers of cattle were the same in 1870 as in 1940 in New South Wales, whereas 
Victoria took until 1890 to fully establish their cattle herds (figure 2.3). In both states, 
cattle herds expanded starting in the 1940s until they peaked around 1970, declining 
somewhat to the present day. 
Sheep numbers in the region were close to present day levels by 1870 and 1880 in 
Victoria and New South Wales respectively (figure 2.2), although in Victoria there was 
a doubling in the sheep population between 1920 and 1960. The density of cattle (12 to 
> 18 head/km2) and sheep (120 to > 180 head/km2) in the study region today is high to 
very high relative to the rest of the state, decreasing somewhat to the west of 
Yarrawonga (NSW Yearbook no. 73, Australian Bureau of Statistics 1993). Until very 
recently there were no reserves on the Murray and Ovens Rivers prohibiting grazing. 
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Figure 2.2 Numbers of sheep in New South Wales and Victoria. Compiled from N. G. Butlin 
(1962) in "The Simple Fleece" A. Barnard ed. Melbourne Univ. Press, the Victorian Yearbook 
numbers 96 and 106 (Australian Bureau of Statistics 1982 and 1993), and the New South Wales 
Yearbook numbers 71and73 (Australian Bureau of Statistics 1988 and 1993). 
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Figure 2.3 Numbers of cattle in New South Wales and Victoria. Complied from the New South 
Wales Yearbook numbers 71 and 73 (Australian Bureau of Statistics 1988 and 1993) and the 
Victorian Yearbook numbers 96 and 106 (Australian Bureau of Statistics 1982 and 1993). 
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Cattle can be observed wading into billabongs to eat water plants and drink, stirring up 
the sediments. The concentration of excreta as animals congregate near waterholes may 
lead to nutrient enrichment. Grazing is thought to significantly affect water plants 
(Fletcher et al. 1985; Rutherfurd 1991) and the regeneration of bank side vegetation 
(Murray-Darling Basin Commission 1990), and grazers stir up muds in the water, 
increasing turbidity (Walker and Tyler 1984). 
Logging and ringbarking 
Trees on the floodplain, primarily River Red Gum (Eucalyptus camadulensis) have been 
removed or destroyed in the course of farming and for a variety of other purposes. 
Trees have been logged for timber from early days to the present; red gum wood is 
considered especially tough and durable (MDBC 1990). Much of the commerce for the 
pastoral industry was conducted by riverboat until the late 1800's when railways were 
established, and timber was cut both to supply fuel for riverboats and for railway 
sleepers (SPCC 1987; MDBC 1990). Ringbarking of trees was carried out by farmers for 
clearance or to encourage pasture development. Ringbarking was not commonly 
practiced until the 1860's and by 1870 it was a well established technique (Walsh 1993). 
Pressure on floodplain forests for providing timber or pasture has lead to extensive 
clearance of the floodplain. Presently, a third of the Murray floodplain is cleared 
(MDBC 1990). In the past this figure was undoubtedly higher. For instance, Barmah 
Forest, an exceptionally broad area of floodplain, was heavily logged prior to 1870 and 
much of the present day forest there is regrowth from this time (Bren 1988). Timber 
reserves were created 1.6 km either side of the river downstream from Albury in 1863 
in response to squatters protests over woodcutting for export to India (Buxton 1974). 
Present day logging for timber is extensive but more controlled and conservative 
(MDBC 1990). 
The vegetation of the region has been greatly modified since European settlement 
(AUSLIG 1990). In general, tree and native grassland has declined and managed 
pasture increased. 
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Table 2.8. Effects of European settlement on vegetation in the southeast Murray Basin. Local 
communities from AUSLIG (1990), communications with local farmers, and personal observation, and 
relative composition of catchment from GHD (1992). The Murray Riverina catchment is the north side 
of the Murray River from below Hume Weir to the confluence of return flow from Edward River. The 
Broken catchment is on the south side of the Murray R., from west of the Ovens R. catchment to 
western Barmah Forest. The Murray Riverina and Broken catchments include areas outside of study 
region. Almost all the irrigation in these catchments occurs outside the study region. 
region 
Upper Murray R. 
floodplain & 
nearby vegetation 
Riverine Plain & 
floodplain of the 
OvensR. & 
Murray R. from 
Albury to 
Barmah Forest 
CATCHMENTS 
Upper Murray 
(15300 km2 area 
above Hume 
Weir) 
Kiewa 
2050 km2 
Ovens 
7850km2 
Murray Riverina 
16300 km2 
Broken 
7330 km2 
probable pre-settlement vegetation 
Hills with forest or woodland of 
medium trees (10-30m) & grass or low 
shrub understorey; 'terrestrial' 
floodplain was well forested, with 
significant stands of Acacia (low-
medium trees) some medium 
Eucalyptus trees and dense graminoid 
understorey. 
The eastern Riverine Plain of the study 
region was primarily Eucalyptus 
woodland or open forest of medium 
sized trees, with Callitris dominating 
sandy areas; the understory was made 
up of graminoids. The 'terrestrial' 
floodplain was dominated by 
Eucalyptus forest and probably had a 
dense graminoid understorey in most 
places. 
present (1990) vegetation 
Hills as before settlement but thinning 
and local clearance for pasture evident. 
Floodplain is pasture with some 
medium Eucalyptus and Salix trees, 
especially near watercourses. Acacia is 
present but not generally abundant, 
and dense graminoid understorey 
uncommon. 
The primary vegetation remains but 
the trees have been extensively thinned 
or cleared. Large areas of Eucalyptus 
regrowth are evident in some parts of 
the floodplain. 
Forest 65% 
Pasture 33% 
Crop 2% 
Irrigation 0 
Forest 49% 
Pasture 49% 
Crop 2% 
Irrigation 0 
Forest 54% 
Pasture 43% 
Crop 2% 
Irrigation 1% 
Forest 3% 
Pasture 73% 
Crop 9% 
Irrigation 14% 
Forest 16% 
Pasture 63% 
Crop 7% 
Irrigation 14% 
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Erosion 
Accelerated erosion associated with European settlement in the Murray catchment 
(Eyles 1977; Neil and Fogarty 1991; Prosser 1994; Prosser and Winchester 1996; Wasson 
et al. in press) may have increased sediment accumulation in billabongs. Sediments may 
be either deposited in or eroded from billabongs in a flood event, but on balance they 
are centers of deposition, as the large number of infilled channel traces attest. It is 
possible, then, that sediment accumulation in billabongs has increased since European 
settlement. If so, the decreasing water depth would have important implications for 
billabong ecology. This impact would be accentuated at the ecosystem scale, since the 
rate of generation of new, deep billabongs to replace infilling ones is currently very low 
(Rutherfurd 1991). 
Crops 
Cropping also began early in the study region. In the Albury area 5000 acres were 
under cultivation by 1861 (Buxton 1974), and tobacco is grown on the Ovens River 
floodplain above Wangaratta (RWC 1984), but grazing has always been the 
predominant land use in the region (Buxton 1967; table 2.8). Cropping is therefore only 
likely to directly affect a few billabongs with local drainage, or during dry periods 
when some billabongs are plowed and planted. Some indirect effects of cropping may 
arise from erosion and fertiliser use (next section). 
Fertiliser use & overall effect of farming on nutrients 
Experimental fertiliser applications began in the early 1900's but fertiliser use was not 
widespread until the 1930's (IAC 1982). Early fertilisers were mainly phosphatic; 
nitrogenous fertiliser use became increasingly extensive starting in the 1950s. About 
half the overall superphosphate applications are to pasture. 
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Table 2.9. Estimates of the relative contribution of nutrients from natural and 
modified catchment areas to river nutrient loads for the Murray River, based on 
modelling (GHD 1992). Nitrogen estimates are more general and less reliable. 
The total nutrient loads in a dry year are estimated to be about 1/6 those in a 
wet year. Note that the percent of forest cover is much greater, and the amount 
of crops and irrigation much less, for the Murray catchment above Yarrawonga 
than£ th . M D lin B . or e entire urray- ar l)?; asm. 
relative contributions(%) 
measure land unit dry year ave.year wet year 
forest 42 30 43 
total pasture 23 28 34 
phosphorus, crops 8 6 7 
upstream of irrigation 1 5 4 
Yarrawonga urban SW 2 4 2 
Weir sewage 23 25 10 
fish farms 1 1 0 
forest 5 13 17 
total pasture 9 21 30 
phosphorus, crops 9 21 36 
Murray- irrigation 12 10 5 
Darling urban SW 7 5 2 
Basin sewage 58 30 10 
forest 17 39 52 
total pasture 7 16 24 
nitrogen, crops 3 5 9 
Murray- irrigation 12 9 4 
Darling Basin urban SW 9 6 3 
sewage 52 25 8 
Agricultural inputs of nutrients are of the same order of magnitude as natural inputs 
from forest areas (table 2.9; Walker and Hillman 1977; GHD 1992), and since nutrient 
levels in the river are near the threshold for algal blooms, this pollution is significant. 
Sewage inputs of nutrients are also potentially significant, especially in dry years when 
nutrient inputs from forests and pastures are relatively less and waters become clearer 
due to lower sediment loads or, on the Darling River, flocculation due to saline water 
intrusions (Walker and Hillman 1982; GHD 1992; table 2.9). Not all the nutrient load 
attributable to agriculture may be due to fertilisers; a portion is from stock excrement 
(GHD 1992). Elevated ground water nitrate levels reported on the Ovens River and 
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Murray River in the middle of the study region are almost certainly due to stock feed 
lots (GHD 1992). It is likely that some of the nutrients from fertiliser and stock are 
distributed to billabongs in floods, and stock can often be seen making personal 
contributions. 
2.2.4 Other changes with settlement 
Fire 
It is possible that the fire regime for floodplain forests has changed since Europeans 
displaced aboriginal people in the region (MDBC 1990). 
Rabbits 
Rabbits were introduced to the Riverina at least as early as 1862 and were present in 
sufficient numbers by 1879 that some farmers in northwest Victoria were abandoning 
their holdings (MDBC 1990). Rabbit plagues occurred periodically until the 
introduction of myxomatosis in 1950, and in spite of control by this disease are still the 
most prevalent feral grazer in the region (MDBC 1990). Rabbits have broader diets than 
sheep and cattle and will even ringbark trees when herbage has been depleted (MDBC 
1990). 
Fish introductions and the decline of native fish 
At least 19 species of introduced fish have become established in Australian waterways, 
9 of which occur in the Murray-Darling Basin, but only 4 of which are widespread and 
prefer lakes (Fletcher 1986; Cadwallader 1986). Several carp populations have become 
established starting as early as the 1860's, but the main period of carp (Cyprinus carpio) 
expansion in the Riverina began about 1964 (Shearer and Mulley 1978). Redfin (Perea 
fluviatilis) were both introduced in the late 1800s and are common in sluggish, 'weedy' 
areas of the Murray-Darling Basin (Weatherly and Lake 1967). Tench (Tinca tinca) were 
also introduced in the 1800's but have declined in the region with the advent of carp 
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(Kieth Walker Pers. comm. 1996). Mosquitofish (Gambusia holbrooki) was first 
introduced in greater New South Wales around 1935 (Myers 1965). Trout (Salmo trutta 
and Oncorhynchus mykiss) were first introduced to New South Wales and Victoria in the 
late 1800s (Weatherly and Lake 1967), but they prefer cool, fast water and are only 
common in the rivers east of Yarrawonga. 
Of these, carp probably has the greatest impact. Carp increase turbidity (Meijer et al. 
1990; but see Fletcher et al. 1985) and directly damage water plants (Fletcher et al. 1985). 
Many native fish species have declined since settlement and there are some clear-cut 
examples where introduced fish are the culprits (Cadwallader 1986). However most of 
the evidence for the impacts of introduced fish on native fish is anecdotal or 
circumstantial. The construction of impoundments has been implicated (Walker 1985), 
but at least some species were widely thought to be in decline near the start of river 
regulation (MDBC 1989 p. iii), so other factors are probably also important. 
2.3 Study region and billabong selection 
In this section the rationale for delineating the study region and method for selecting 
billabongs for study are described. Since one of the main aims is to examine the effects 
of farming and river regulation on billabongs, the criteria used to characterise these 
activities are first outlined. 
2.3.1 Definition of farming and regulation 
Billabongs are classified into two levels of farming intensity for determining the effects 
of farming: Farmed and Nonfarm. However, as emphasised above, Nonfarm billabongs 
may still be affected by farming activities, for instance grazing. The criteria used for 
judging farming in the field were tree cover, drainage from pasture, stock access as 
indicated by observations of tracks, dung, grazing and browsing, and direct sightings 
of stock and farm activities. Most observations were made in the field, but examination 
of aerial photographs also helped to define the categories. 
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Three levels of regulation are recognised for classifying billabongs depending on 
whether the parent river for a billabong is upstream or downstream of an 
impoundment (Unregulated and regulated), and whether the regulated billabong is 
within the influence of releases of water to the river for irrigation (yes=Exposed, 
no=Isolated). This follows Pressey's (1986) classification system. Pressey's classification 
for each billabong is used with the exception of billabongs that were not listed, and 
billabongs listed in the classification that were found to be wrongly assigned. For these 
billabongs field observations of water levels were used to assign the billabong to a 
class. Exposed billabongs have experienced a change in the seasonality of flooding, and 
water levels in some of these respond to the small scale rises and falls in river level 
related to lower irrigation releases. Isolated billabongs have been flooded less often since 
regulation due to the decrease in minor flooding. 
2.3.2 Delineation of the study region 
The boundary of the study region is the Murray River between east of Corryong, 
Victoria, and just west of Tocumwal, NSW, and the Ovens River between Wangaratta 
and its confluence with the Murray River (figure 2.1). The boundary of the study region 
is defined to isolate as much as possible the effects of regulation and farming from each 
other and other potential confounding variables. 
Farming of the floodplain is predominant in upper parts of both the Murray and Ovens 
Rivers within the study area (personal obs.). For instance, 75% of the floodplain 
between Hume Weir and Yarrawonga is used for farming (RMC 1977), but the amount 
of tree clearance and number of stock observed is less below Yarrawonga than above. 
In the lower reaches cattle are seasonal grazers of the floodplain but this and other farm 
activities appear much less intense. The Murray is regulated and the Ovens River has a 
fairly natural flow. A number of factors confound with the pattern of farming and 
regulation in the study region. 
The maximum depth of billabongs may confound with downriver distance on the 
Murray River. Mean channel depth increases downriver (Rutherfurd 1991) but, 
balancing this, the capacity of the Upper Murray to generate deep billabongs is greater 
42 
than downstream reaches. The number of channel avulsions since settlement can 
determined by comparing the Murray's present course with the border of New South 
Wales and Victoria, which was established as the Murray River in the mid 1800's. The 
channel of the upper Murray is more active on its floodplain than downstream where it 
is fairly stable. Also, the gradient of the Murray is greater in upstream reaches, 
increasing its capacity to maintain deep billabongs by scouring in floods (figure 2.4). 
Sediment grain size may also vary with distance downriver on the Murray River. The 
upstream portion of the Murray is bound by hills, in contrast to downstream sections 
where, from just west of Howlong, NSW, the floodplain is bound by terraces and an 
extensive riverine plain. The upper Murray River bed is coarser than the Murray below 
the Hume Weir. Floodplain sediments can generally be expected to fine with distance 
from their source in the foothills. 
800 
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Figure 2.4. The long profile of the Murray River in the field area. 
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Distance downriver confounds with farming on the Ovens floodplain as well, but here 
it is probably unimportant to billabong depth or grain size of the floodplain sediments. 
No major tributaries enter the Ovens in the field area and the distance between farmed 
and less farmed floodplain sections is small. The Ovens downstream of Wangaratta 
skirts some hills to the west but is surrounded by fluvial deposits that form part of the 
Riverine Plain and billabongs are generally equidistant from the hills. Channel depth 
should average the same between sections and there is also bound to be little difference 
in the floodplain sediments. 
Farming also confounds with elevation on the floodplain, particularly for sections of 
the Murray below the Hume Dam. Billabongs on farms are generally on slightly 
elevated parts of the floodplain that provide better pasture access. This may be 
important for flooding frequency and billabong depth. Often these elevated sections of 
floodplain have signs that they are older than adjacent lower floodplain: better soil 
development, and channels and dunes more typical of Kotupna Phase landforms 
identified downstream of here(> 13,000 years BP; Bowler 1978). The absolute age of the 
billabongs is unknown, but they are almost certainly older, and therefore likely to be 
shallower, than their counterparts lower on the floodplain or in upstream reaches. 
Billabongs on the upstream end of the Murray are therefore included in the study 
region since there are no unregulated billabongs on the downstream floodplain of the 
Murray River. The Ovens River is added to the study region to counter the 
confounding of regulation, stream energy and proximity to hills on the Murray River. 
Billabongs on the Ovens River are included for representation of unregulated Riverine 
Plain billabongs. A billabong on the lower Kiewa River, a river bound by foothills as in 
the Upper Murray, is included for comparison. The field area is extended to the Murray 
River between Yarrawonga and Barmah Forest to help increase the representation of 
billabongs with low farming intensity. 
2.3.3 Selection of billabongs for study 
Biliabongs were selected using a stratified sampling method so that unregulated 
- billabongs and billabongs with low farm exposure are adequately represented. A 
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strictly random sampling in the study region would be biased towards Farmed and 
regulated billabongs, reflecting the ubiquitous nature of land-use practices in the 
region. However, billabongs were randomly selected within strata in an attempt to 
keep factors other than farming and regulation that may effect billabong 
physicochemistry as randomly distributed as possible throughout the sample of 
billabongs. 
Numbers were assigned to billabongs greater than about 1 ha in size and random 
number tables were used to select 32 billabongs from the study region. The number of 
regulated and unregulated billabongs selected was kept roughly equal. Billabongs 
were rejected if they were within the region of inundation from waters backing up from 
the weirs, or because they were subject to particularly severe and unusual impacts (e.g. 
being used as dumps). 
It was not possible to design a process to select equal numbers of Farmed and Nonfarm 
billabongs since it was difficult to establish a priori whether a billabong was heavily 
influenced by farming. Nonfarm billabongs are less well represented in the region and 
random sampling resulted in less Nonfarm billabongs, especially in the unregulated 
floodplains. In addition, the farming variable is not discrete and many of the randomly 
selected billabongs classified as 'Nonfarm' were not as 'pristine' as can be found in the 
region. Some more pristine billabongs with respect to farming needed to be added to 
the randomly selected billabongs to adequately assess the effects of the full range of the 
variable farming. 
Eleven billabongs that appear most unaffected by farming were chosen on the basis of 
field observations. Five of the billabongs chosen in this manner are smaller than 1 ha, 
about the lower limit of billabongs chosen randomly. The small billabongs were 
included in the survey because they are the only billabongs in their sector of the study 
region that are quite undisturbed by farming. The benefits of having representation of 
undisturbed billabongs in the survey were seen to outweigh the fact that they are small 
billabongs. 
The classification of each billabong is in table 2.10 along with other basic information 
about each billabong. The shape and location of billabongs are illustrated in appendix 
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figure A2.l. In all 20 billabongs were classified as Nonfarm out of a total of 43 
billabongs. 
Table 2.10 Characteristics of survey billabongs (numbered) and other billabongs in this study. Selection 
methods are r = random, fo = on the basis of field observations, and pr = previously studied. Maximum 
area and depth refer to dimensions following the fall of floodwaters. Minimum depth is minimum depth 
during the sampling survey (chapter 3). Farm classes are f =Farmed, nf = Nonfarm. Regulation classes are 
ur = Unregulated , ex = Exposed, equivalent to Pressey's (1986) class 2 wetlands, and is = Isolated, 
equivalent to Pressey's class 3 wetlands. Wetland numbers from Pressey's (1986) classification of Murray 
River wetlands: (section) billabong number. 
selec- max. max. min farm regurl #in 
billa- 1:100000 map ti on area depth depth class -ation Pressey 
bong ma£name number river method (ha) (cm) (cm) class 1986 
1 Kosiosko 8525 Murray r 3.0 193 97 f ur none 
2 Corryong 8425 Murray r 2.9 136 45 f ur none 
3 Corryong 8425 Murray r 1.3 102 30 f ur none 
4 Corryong 8425 Murray r 7.9 168 51 f ur none 
5 Corryong 8425 Murray r 5.8 242 100 f ur none 
6 Rosewood 8246 Murray r 1.5 471 414 f ur none 
7 Rosewood 8246 Murray fo .01 235 94 nf ur none 
7a Rosewood 8246 Murray fo .44 325 193 nf ur none 
8 Rosewood 8246 Murray fo .01 300 101 nf ur none 
9 Rosewood 8246 Murray r 3.6 145 122 f ur none 
10 Rosewood 8246 Murray r 8.0 186 68 f ur none 
11 Albury 8225 Kiewa r 1.6 139 78 f ur none 
12 Albury 8225 Murray fo 8.0 336 50 nf ex (1) 397 
13 Albury 8225 Murray r 2.9 199 94 f is (1) 251 
14 Albury 8225 Murray fo 4.1 300 121 nf ex (1) 143 
15 Walbundrie 8226 Murray r 1.1 187 10 f is (1) 28 
16 Buraja 8126 Murray r 7.8 573 191 f ex (1) 61 
17 Buraja 8126 Murray r 2.0 40 0 f is (1) 76 
18 Buraja 8126 Murray r 1.8 131 0 f is (1) 77 
19 Wangaratta 8125 Murray r .06 230 164 nf ex none 
20 Wangaratta 8125 Ovens r 1.5 200 50 f ur none 
21 Wangaratta 8125 Ovens r 3.4 188 72 nf ur none 
22 Wangaratta 8125 Ovens r .63 210 123 nf ur none 
23 Wangaratta 8125 Ovens r 1.6 203 85 nf ur none 
24 Wangaratta 8125 Ovens r 2.4 279 48 nf ur none 
25 Wangaratta 8125 Ovens r 1.3 153 69 f ur none 
26 Wangaratta 8125 Ovens r 2.8 186 84 f ur none 
27 Wangaratta 8125 Ovens r 3.1 151 71 f ur none 
28 Wangaratta 8125 Ovens r 1.7 167 28 f ur none 
29 Berrigan 8026 Murray r 14.6 105 10 f is (2) 124 
29a Berrigan 8026 Murray r 1.8 447 342 nf is (2) 167 
30 Berrigan 8026 Murray r 67.0 111 3 f is (2) 180 
31 Berrigan 8026 Murray r 2.2 118 9 nf is (2) 177 
32 Berrigan 8026 Murray r 4.8 362 161 nf is (2) 147 
33 Berrigan 8026 Murray r 2.9 233 148 nf ex (2) 193 
34 Berrigan 8026 Murray r 2.2 243 99 nf is (2) 162 
35 Berrigan 8026 Murray fo 5.8 487 323 nf ex (2) 115 
36 Berrigan 8026 Murray r 0.6 208 96 f is (2) 62 
37 Tuppal 7926 Murray r 1.5 50 0 f is (2) 82 
38 Tuppal 7926 Murray fo 5.4 314 122 nf is (2) 88 
39 Tuppal 7926 Murray fo 0.27 111 48 nf is (3) 283 
40 Tuppal 7926 Murray fo 4.5 161 113 nf is (3) 240 
41 Tuppal 7926 Murray fo 1.5 211 165 nf is (3) 242 
Hogans Albury 8225 Murray fo 5.4 400 f is (1) 121 
Ryans 1 Albury 8225 Murray pr 8 200 f is (1) 429 
Ryans2 Albury 8225 Murray pr 10 200 f is (1)430 
Toke Tuppal 7926 Murray fo 23 >200 f is (2) 37 
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The characteristics of several other billabongs investigated in this study are also 
provided in table 2.10. Notable amongst these are Ryan's I and II billabongs (appendix 
figure A2.1), which have been the focus of long-term ecological studies (e.g. Hillman 
1986). Ryan's billabongs were included in a preliminary survey of the sedimentary 
characteristics of billabongs because they appear to represent an end-member with 
respect to age and isolation from the parent river. Ryan's I and II billabongs occupy a 
position towards the edge of the Murray floodplain near its confluence with the Kiewa 
River. The Murray passes within about 1 Km of Ryan's I billabong and 1.5 km of Ryan's 
II at its closest. The other end-member is represented by billabong 14, which abuts the 
Murray at both ends, with about a 50 m wide plug separating the channel and the 
billabong. Surveying of the floodplain showed that the lower, inner banks of Ryan's I 
and II are about 2.5 m above the elevation of the plug separating billabong 14 from the 
Murray River. Ryan's billabongs also appear to be older than billabong 14 based on 
their geomorphology, with the Ryan's billabongs having a better developed scroll-
swale topography than many sections of the modern channel and recent cutoffs. 
2.3.4 Systematic variation in billabongs and sampling 
Maximum area 
The majority of billabongs are less than 4 min depth and 8 ha in maximum area (table 
2.10; table 3.5), with 7 billabongs being less than 1 ha in size. Most of the large 
billabongs are sinuous shaped cutoff channels with relatively high shoreline 
development. The largest billabongs (29 at 13.6 ha and 30 at 67 ha) are quite shallow 
and effectively partitioned by dense beds of emergent and submersed aquatic 
macrophytes into a series of small pools. 
Farming & regulation 
The subset of Isolated billabongs that are Farm are mainly found on sections of 
floodplain that are slightly elevated (surveyed to around 60 to 100 cm; pers. obs.). The 
geomorphic features of the elevated terrain are often typical of the Kotupna Phase of 
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the Murray River (Bowler 1978), which appears to have ended about 13,000 years ago 
(Bowler 1978; Jim Bowler pers. comm. 1995). Other Isolated/Farm channels are on 
floodplain more typical of the present river regime, but still appear to be older than 
most other billabongs based on dating and geomorphic evidence (Chapter 5). 
Unregulated sections of floodplain appear to lack this association of age and farming 
intensity. 
Similarly, Exposed billabongs have the closest connection with the present-day river and 
are likely to be the youngest billabongs. It is difficult to disentangle effects of regulation 
on depth from their location and age. 
The regulated river reaches are larger than unregulated reaches, and have different 
flood hydrographs (tables 2.5. and 2.6). The regulated reaches experience minor and 
greater than bank full flooding less frequently, and such floods are of longer duration 
than is found on unregulated reaches. 
Unbalanced sampling design 
The data generated in this survey are unbalanced due to the survey design and the 
existence of missing values. The relative lack of Nonfarm billabongs on nonregulated 
river reaches means that an imbalance against Nonfarm x Unregulated billabongs is built 
in to the survey (table 2.lla). Another imbalance exists in the distribution of farming 
intensity over the 3 levels of river regulation (table 2.llb). The Exposed level of river 
regulation has only one Farm billabong. This is probably a reflection of lower farm 
activity in the more frequently flooded areas of the floodplain. 
2.4 The benchmark 'natural' billabong 
The Murray River region and its tributaries were populated by aboriginal people before 
settlement by Europeans. Following European settlement, the use of billabongs by 
aborigines in the region probably declined rapidly as their population was displaced by 
settlers and reduced further through dis~ase (Barwick 1971). The effects of aboriginal 
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Table 2.11. Billabongs in the cells of a farming by river regulation matrix a. with only one class of river regulation 
b. with two classes of river regulation (Exposed and Isolated) . 
a. 
fanning intensity ---> Farmed Farmed Nonfarm Nonfarm 
river regulation---> regulated Unregulated regulated Unregulated 
13 1 12 7 
15 2 14 7a 
16 3 19 8 
17 4 29a 21 
18 5 31 22 
29 6 32 23 
30 9 33 24 
36 10 34 
37 11 35 
20 38 
25 39 
26 40 
27 41 
28 
regulation class---> 
exposed isolated exposed isolated 
16 13 12 29a 
15 14 31 
17 19 32 
18 33 34 
29 35 38 
30 39 
36 40 
37 41 
b. Ovens 
river reach EM EM MM MM WM WM 0 0 
farming 
intensity Nonfarm Farmed Nonfarm Farmed Nonfarm Farmed Nonfarm Farmed 
7 1 12 13 29a 29 21 20 
7a 2 14 15 31 30 22 25 
8 3 19 16 32 36 23 26 
4 17 33 37 24 27 
5 18 34 28 
6 35 
9 38 
10 39 
40 
41 
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land use activities on billabongs is not known. Some of the flora and fauna found in 
billabongs are known to have been part of their diet, and they may also have had an 
indirect impact through the effects of regular burning of floodplain and surrounding 
vegetation. Impacts due to burning seem unlikely though, in light of the large number 
of ferns and reeds that lined the waterways at the time of the first explorers (Sturt 1833). 
The temporal scope of this study is in the order of centuries to a few thousand years. 
Aboriginal people reached the continent by at least 50,000 years ago (Roberts et al. 
1990). The bench mark for assessing change is therefore a landscape inhabited by 
Aboriginal people, and the 'natural' billabong is that affected by aboriginal land-use. It 
is possible that some of the impact of post-European settlement land use practices 
includes the 'release' of the billabongs from impacts due to aboriginal land use. 
2.5 Summary 
In the Murray-Darling Basin, the combination of a large excess in evaporation over 
precipitation, a subdued topography with an absence of erosive processes that produce 
lake basins, and the development of highly saline groundwaters, has meant that natural 
freshwater billabongs are rare and confined mostly to the marginal mountains. Only in 
the river corridors has there been a source of erosive energy for creating billabongs, and 
a supply of freshwater. For this basin, the sixth largest in the world, floodplain lakes are 
extremely important as freshwater habitat. 
The climatic and geomorphic conditions in the Murray Basin that serve to increase the 
importance of floodplain lakes are not confined to this basin, and as such ensure that 
the study of floodplain lakes is not an esoteric exercise. Throughout large areas of the 
tropics floodplain lakes predominate over other types of freshwater billabongs (Serruya 
and Pollingher 1983; Lewis 1987). 
The most obvious changes to the river and regional landscape are those due to farming 
and river regulation. The combined effects of these land-use practices probably mean 
that there are no areas of wilderness left in the study area or the rest of the riverine 
plains (Walker and Hillman 1977). The few areas which appear little influenced by 
50 
farming are still affected by river regulation and vice versa. Another obvious land use is 
urbanisation, and there is some light industry in several of the rural centres. However, 
other land-use changes have occurred of which the effects are less immediately 
apparent (e.g. rabbit, fish introductions) but may be of equal importance to billabong 
ecology. 
The effects of some of the post-European settlement changes can be differentiated by 
the timing of their introduction. Variations in the intensity of effects following their 
introduction will serve to complicate the picture, possibly making them more difficult 
to discern. 
Direct stock pressure on the floodplains has probably been unchanged, or even 
decreased, since the introduction of stock in 1838. Much of the increase in stock in the 
late 1800's, sheep in particular, came from utilisation of blocks beyond the river 
frontage (Buxton 1967; Williams 1962). Outlying blocks had the advantage over the 
floodplain of not being flood prone and often had better pasture, partly due to 
vegetation changes that are the legacy of early overgrazing on the river frontages 
(Williams 1962). Once water was guaranteed, following the construction of tanks, farm 
dams, and later, major dams and weirs, the floodplain may have become less heavily 
used for grazing. 
The erection of timber reserves has probably reduced grazing pressures in some areas, 
but grazing has been permitted within the reserves since the early days (Buxton 1974). I 
only found three reserves within the study region that are meant to exclude non-native 
grazers, and two often had stock illegally brought in by local graziers. 
Having outlined physiography and climate of the region, and the history and regional 
geography of post-European settlement land-use practices, it is now possible to 
evaluate the important limnological processes in the billabongs of the study region, and 
the impacts of various land-use changes. 
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Post-flood billabongs 23 (top) and 15 (bottom). 
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Chapter 3 Present-day patterns of billabong 
physicochemistry 
3.1 Introduction and aims 
The physicochemistry of lakes is one important cause of species success or failure, with 
different habitats providing varying physicochemical conditions (e.g. Golterman 1975). 
The floodplain environment and surrounding landscape have changed vastly since 
settlement. The billabong physicochemical environment may have been affected by 
changes that are readily apparent in the region such as the clearance of trees, 
introduction of livestock and the building of dams (Chapter 2). More subtle changes 
such as the fertilisation of regional soils with superphosphate and soil erosion may also 
be important to the regional pattern of physicochemistry. The effects of farming and 
river regulation on billabong physicochemistry are investigated in this chapter. 
The main aim of this chapter is first to establish the scale of natural regional and 
bimonthly variation in billabong physicochemistry, and then to contrast the impacts of 
farming and river regulation on billabong physicochemistry with natural variation in 
physicochemistry. The focus is on relative magnitudes of variation, how unique and 
widespread the anthropogenic variation is (cf. Niemi et al. 1990; Poff and Ward 1990), 
and on the frequency of the variation compared to the lifespans of macrophytes and 
Cladocera (Farmer and Adams 1991), although the bimonthly sampling program is 
more relevant to biota with lifespans similar to macrophytes than Cladocera. The 
contrast of natural and anthropogenic variation in physicochemistry is then discussed 
with reference to the concept of preadaptation of the biota to the anthropogenic 
modifications in physicochemistry (Poff and Ward 1990). 
An assumption of this analysis is that billabongs located farthest from farms and 
regulated flows are not impacted by these activities, i.e. that these billabongs represent 
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pristine controls. This assumption is evaluated by comparing the pre and 
postsettlement records of billabong ecology presented in chapters 5 and 6. 
3.2 Methods 
3.2.1 Analyses 
Physicochemical variables 
The physicochemical variables examined are depth, temperature, pH, turbidity, Secci 
depth, nitrogen, phosphorus, conductivity and major ions. All have been shown to be 
related to the general ecology of lakes (e.g. Wetzel 1975; . Bayly 1969), aquatic 
macrophytes (e.g. Seddon 1972; Balls et al. 1989; R.0rslett 1991; Sand-Jensen and Borum 
1991; James and Hart 1993; Rea and Ganf 1994) and Cladocera (e.g. Freyer 1980; 
Chengalath 1982; Berzins and Bertilsson 1989; Dodson and Frey 1991). Dissolved 
oxygen is not extensively surveyed due to the unreliability of the meters available. 
Major ion concentrations are analysed in two ways. First, the relationship of 
monovalent and divalent cations, which may be a determinant of aquatic community 
composition (Seddon 1972; Wetzel 1975; Golterman and Kouwe 1980), is investigated 
for anthropogenic effects. Second, variation in salinity is also examined. Salinity 
probably does not affect macrophytes at the low levels of salinity encountered Games 
and Hart 1993) but may affect Cladocera if their response is similar to patterns observed 
in Canada (Chengalath 1982) and Sweden (Berzins and Bertilsson 1989). Moreover, the 
patterns of salinity may yield clues to billabong processes, such as evaporative 
concentration. 
The analysis for the relationship of divalent and monovalent cations (DV and MV 
respectively) is performed slightly differently to the other physicochemical variables. 
The relationship of DV and MV can be written as: 
ln(DV) = ln(c) + b·ln(MV) 
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or 
DV/MVb=c 
Both the coefficients band c can vary, but in previous studies (e.g. Talling and Talling 
1965; Seddon 1972; Moss 1972), b has been assumed to be 1. Therefore, this analysis has 
two steps; first, to see whether there the coefficient b = 1 or another constant, and 
second, if b=l, to test if the relationship of DV and MV varies with land use or natural 
factors. 
Farming and regulation contrasts 
The derivation of land use variables was explained in Chapter 2 and is only 
summarised here (also see table 3.1). For evaluating the effects of farming, two levels of 
farming intensity are recognised: billabongs in regions of low farming intensity 
(Nonfarm) and high farming intensity (Farm). Three categories of regulation are created: 
Unregulated, Exposed and Isolated billabongs. Unregulated billabongs are located on the 
Kiewa, Ovens Rivers and upper Murray Rivers, for which present hydrographs are 
only slightly modified from their natural hydrographs. Exposed and Isolated billabongs 
are categories of regulation for billabongs located on the Murray River below Lake 
Hume. Exposed billabongs are low-lying and hence affected by minor floods, including 
irrigation releases. Isolated billabongs are only inundated in major floods which exceed 
the capacity of the dams to control flow. 
The effects of farming and river regulation are obtained from statistical models. The 
effects are evaluated taking into account temporal variation and differences in depth 
and maximum area. Variation in the significant effects of farming and regulation with 
river reach (defined in table 3.1) are also tested for as outlined in Section 3.2.4. A degree 
of confounding of farming and regulation with other natural factors is unavoidable due 
to the regional pattern of land use (Chapter 2), so confounding of farming and 
regulation effects with billabong location on the east-west axis of the study region, 
proximity to hills and proximity to bedrock are also tested. 
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Natural variation in physicochemistry 
Spatial 
The influence of natural differences between billabongs in mean depth, maximum area, 
parent river, proximity to hills, proximity to bedrock are examined. The effect of 
location on the east-west axis of the study region is also considered, but only insofar as 
it may confound with other natural factors or farming and regulation. Precipitation 
patterns and daylength are also investigated for their effects on limited occasions. These 
variables are defined in table 3.1. 
Billabong depth is therefore treated as either an independent or dependent variable for 
separate analyses. This is done because either natural factors or land use may influence 
billabong depth, and in tum depth is important for shallow lake limnology. 
Maximum billabong area (table 3.1) was estimated from 1:15,000 aerial photographs 
(Murray Below Hume Weir), from 1:25,000 topographic maps (billabongs on Ovens, 
Kiewa, Murray above the Hti.me Weir) and, in the case of very small billabongs, field 
observations. 
To evaluate the amount of variation in physicochemistry in the region attributable to 
differences in mean billabong depth, values of physicochemical variables at 450 cm and 
25 cm depth, about the range of mean depths found in the survey, are estimated and 
compared. (Changes in physicochemistry over the absolute depth range include effects 
of temporal fluctuations in billabong depth; by using mean depth, these effects are 
negated). An equivalent calculation is made with respect to maximum billabong area. 
Differences of physicochemistry in billabongs of 8 versus 0.01 ha maximum area are 
calculated for this. 
Temporal 
Temporal variation in physicochemistry is summarised in three ways. First is from the 
variation in physicochemical variables occurring with sample trips, independent of 
other explanatory factors, as estimated by statistical modelling of data from 42 
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Table 3.1 Explanatory variables examined for their effects on physicochemical variables. 
variable 
Farming 
(River) 
Regulation 
River 
Reach 
Trip 
Area 
Depth 
Hills 
type explanation justification 
categorical 2 levels: high and low intensity (Farmed part of central aims 
and Nonjarm) 
categorical 
categorical 
categorical 
categorical 
3 levels: Unregulated, Regulated/low-lying, 
Regulated/isolated (the last two are, 
respectively, classes 2, 3 in Pressey 
(1986), and are differentiated by 
comparing river level with billabong 
depth. 
2 levels: Murray, Ovens 
4 levels: EM, MM, WM, 0 (eastern, 
middle, western Murray River, and 
Ovens River) . EM finishes above Lake 
Hume; MM is between Hume Dam and 
confluence with Ovens River, WM is 
downstream of Lake Mulwala. 
8 levels; each sample trip is a level 
part of central aims 
Rivers within the study region vary 
in width, depth and possibly 
ecological linkages Gunk et al. 1989). 
The variables 'River' and 'Regulate' 
are special cases of 'Reach' i.e. 'River' 
combines effects of EM, MM, WM 
and 'Regulate' combines effects of 
EM with 0 and MM with WM. Tests 
how consistent effects are within 
'River' and 'Regulate'. 
Captures temporal variation due to 
seasonal factors, flooding and other 
shorter-term variation. 
continuous Is the maximum area of the wetland i.e. Area affects fetch and the amount of 
the area covered following the shoreline development. 
abatement of floodwaters . 
continuous Site depth measured each sampling trip A number of factors can be expected 
(see methods for further details) to change with site depth, especially 
those related to sediment-water 
exchanges. 
continuous Distance from hills > 500 m a.s.l. May affect chemistry and turbidity 
due to runoff, and also groundwater 
composition. 
Rock continuous Distance from rock outcrops in 1:50,000 May affect groundwater composition. 
geologic maps 
West Km continuous Distance west of site 1. Climate is more arid westerly and 
site characteristics (depth, width) 
may change. 
Precipitation continuous Precipitation for the 2 months prior to May affect salinity or major ion 
the sample trip. Since sample trips concentration. 
occurred mid-month, precipitation is 
also measured from mid-month. 
Daylength continuous Hours of sunshine at the midpoint of the Affects primary production. 
sample trip. Data used is for Canberra. 
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billabongs. Second is from the median physicochemistry of 9 billabongs sampled on 
every trip, which gives an indication of the combined effects of independent variables 
on physicochemistry. Third is from estimates of the effects of typical annual depth and 
area fluctuations, obtained from statistical analyses of the effects of depth and 
maximum area on physicochemical variables. A typical annual depth fluctuation is 
considered to be from 1 to 2.2 m, which corresponds to the average depth fluctuation 
around the mean. Maximum area is highly skewed, so a typical area fluctuation of 2.3 
to 0.5 ha in area was chosen, corresponding to the median and tenth percentile. This 
fluctuation is probably greater than the normal annual area fluctuation for most 
billabongs, so the effects obtained are maximum values. 
The effects of flooding may be reflected in contrasting patterns of physicochemistry for 
the summers of 1993 and 1992, since floods occur later in 1992 than in 1991, or in abrupt 
changes in physicochemistry associated with the sampling trips following flooding 
(September and November). Seasonal patterns should appear more gradual. Long term 
cycles (-2-3 years), if synchronous, will appear as trends across sample trips. Cycles of 
2 months or less and asynchronous variation are undetectable, and will increase 
random error. Neither season (except for summers) nor floods are duplicated in this 
survey, so these analyses are especially exploratory in nature. Because of this, it is better 
that sampling trips not be lumped together according to seasons or floods, but that each 
trip be treated as a level of 'trip' and the overall pattern over trips be examined for 
possible influences of seasons and floods. 
Spatial versus temporal 
To gain insight into the relative magnitude of regional spatial and temporal variation in 
physicochemistry, the range of values for physicochemical variables encountered in this 
15 month study of 43 billabongs from -300 km of floodplain and 3 rivers is compared 
with the results of sampling 5 (mainly 3) billabongs in the Albury region over two 
periods of 6 and 7 years. 
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3.2.2 Sampling regime 
A sampling program was undertaken with the aim of getting 1 year of bimonthly 
physicochemical data from each of 42 billabongs on the Murray and Ovens floodplains 
(locations in figure 2.1 and appendix figure A2.l). A single site on the Kiewa River was 
also sampled for comparison. Data from this site are not included in all analyses. 
Sampling trips were carried out every 2 months starting in January 1992 and finishing 
in March 1993. The first two trips were preliminary and an attempt to reach all sites 
was not made, particularly in March of 1992 when equipment failed. Sites were not 
sampled if they were dry or were experiencing a substantial flood. A reasonable 
attempt was made to visit sites by boat when access was blocked and the billabong was 
clear of the floodwaters, but visitation of some sites in these circumstances was not 
practical. 
Missing values of variables are usually the result of a billabong being dry or flooded 
and are also recorded on trips 1 and 2 for billabongs that were not first visited until trip 
3 when the survey was expanded. Billabongs on the Ovens River were not sampled in 
March 1992 due to equipment failure, and in September 1992 due to persistent flooding. 
Out of 344 possible billabong/trips (8 trips x 43 billabongs) only 261 actual visits were 
made. Missing values may also be intentional, such as omitting Kiewa River billabong 
11 from analyses. 
Table 3.2. Number of trips each billabong was sampled out of eight possible trips (bimonthly from January 1992 to 
March 1993). 
all 8 trips: 6 non-consecutive trips: 
6, 7, 8, 9, 10, 31, 32, 34, 38 ll,16,22,23,25,26,27,28 
7 consecutive trips: 5 trips: 
2, 5, 19, 36 14, 20, 21, 33, 35 
7 non-consecutive trips: 4 trips: 
13, 15, 30 39,40,41 
6 consecutive trips: 3 trips: 
1, 3, 4, 7a, 12, 29, 29a 17, 18, 24, 37 
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The number of sampling trips carried out at each billabong is shown in table 3.2. Of the 
least sampled billabongs, three (billabongs 17, 18, 37) were ephemeral and thus did not 
contain water to sample on most trips, three were often flooded or their access was 
flooded (Barmah Forest billabongs 39, 40, 41), and access to billabong 24 was limited 
partly due to flooding and partly due to difficulties in contacting the landowner. 
3.2.3 Measurements and observations 
Billabong measurements and observations 
Billabong measurements were made from close to the deepest point of each billabong 
on all sampling trips. The variables measured were depth, Seed depth, temperature, 
pH and conductivity. 
Depth 
Billabong depth was measured initially by a weighted line after locating the deepest 
part of the billabong. Water levels relative to a point on the bank were also measured 
using a staff and level on the first visit and subsequently depth was determined from 
water level measurements. 
Conductivity, pH and temperature 
Conductivity, pH and temperature were measured at 1 m depth if possible. Billabongs 
shallower than this were measured at a depth of 10 to 20 cm from the bottom of the 
billabong. Measurements at this depth are more stable than surface measurements, 
which was important since the measurements were performed at different times of the 
day. Conductivity was measured using a Hanna portable conductivity meter HI 8733; 
pH and temperature using a Hanna portable pH meter HI 8424 for the first 2 trips, then 
a TPS LC80A pH/ temperature meter. 
The incidence of thermal stratification was determined on many occasions, but not 
systematically, with measurements depending on time constraints. On the first 2 trips, 
60 
temperature was measured using the Hanna HI 8424 meter on water samples collected 
using a Van Dorn sampler. On the remaining trips, a 5 m probe attached to the TPS 
LC80A meter was lowered through the water column. 
Seed depth 
Secci depth was measured with a Secci disc: a circular metal disc 20 cm in diameter 
painted in alternating black and white quadrants. The disc was lowered until it 
disappeared from view, the depth noted, then raised until it reappeared and the depth 
again noted. The average of these two depths is 'Secci depth' (Wetzel 1975). 
Measurements were made in open water if possible and away from the margins of the 
billabong. A number of readings were taken in the morning or late afternoon when the 
sun was not directly overhead, or on cloudy days. Restricting measurements to midday 
and sunshine was not practical. This almost certainly means some values are 
underestimates. However, due to the effects of low light on Secci disc readings a 
missing value was recorded 3 times. 
Floods 
The occurrence of floods was determined by direct observation of floods or by large 
changes in billabong depth. In the latter case, flooding was confirmed by comparing 
river gauge data with flow levels required for minor flooding (all supplied by the 
Murray Darling Basin Commission). 
Water column samples 
Water column samples were taken on each visit using a 2 m section of 50 mm PVC pipe 
with a raquetball attached to heavy gauge fishing line as a bung. Within-billabong 
spatial variation in some of the physicochemical variables measured is likely to be high, 
so the water was sampled in 3 places, about 2-20 m apart in open water by submersing 
the PVC pipe vertically, or if the billabong was less than 2 m deep, obliquely. The 
samples were pooled and measurements made off the pooled sample. The following 
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variables were measured: total nitrogen, total phosphorus, turbidity, calcium, 
magnesium, potassium, sodium, bicarbonate, sulphate and chloride. 
Bicarbonate 
Bicarbonate measurements were made immediately by titration. Fifty ml of water was 
placed in each of two 250 ml flasks to which 3 drops of methyl orange were added. 
Dilute hydrochloric acid was added to one flask until the first hint of a colour difference 
between the flasks was detected. A standard amount of bicarbonate dissolved in 
distilled water was titrated by this method using the same batch of dilute HCl, allowing 
for the conversion from ml of dilute HCl added to mg/l HC03- in the sample. 
Turbidity 
Samples for turbidity measurements were collected and measured on a Hach 
turbidimeter model 2100A within 2 days. Samples were kept on ice and in the dark, 
and were thoroughly agitated before measurement. Several samples were measured 
immediately and then stored for several days in this manner and remeasured. Storage 
did not affect the turbidity readings. 
Total nitrogen and phosphorus 
Samples for total nitrogen and total phosphorus were acidified with H2S04 and HCl, 
respectively, in the field. Samples were kept on ice or refrigerated until analysis, which 
was within a month of collection. The water samples analysed for nutrients were 
unfiltered, and thus include both particulate and dissolved fractions. 
Nutrient analyses were performed by EML (Chem) Pty. Ltd. Victoria for the first 3 
sampling trips Ganuary to May 1992) and by the Murray Darling Freshwater Research 
Centre thereafter. EML determined total nitrogen by assaying for reduced N using the 
macro-Kjeldahl digestion method and then measuring NH3 (method nos. 4500 Norg B 
and 4500 ~Din APHA 1989), and measuring nitrate using the Brucine method (pp. 
461-463 in APHA 1971). EML determined total phosphorus using a persulphate 
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digestion and colorimetric measurement using ascorbic acid NH3 (method nos. 4500 P 
B.5 and 4500 P E in APHA 1989). The Murray Darling Freshwater Research Centre 
determined both TN and TP by persulfate digestion and measurement using 
colorimetric methods (in Hosomi and Sudo 1986). 
Major ions 
Samples for major ion analysis were kept on ice or refrigerated until analysis within 3 
weeks of collection. Calcium and magnesium concentrations were measured by atomic 
absorption (Golterman 1969). Standards were made up using deionised water. 
Lanthanum solution was added to samples, standards and blanks (LaC13 x 7H20, final 
concentration 0.56 mg m/l) to suppress interference (Golterman 1969; concentrations as 
recommended by Jim Caldwell, pers. comm. 1992). Samples were often too 
concentrated to be directly analysed, and if so were diluted with deionised water by up 
to 40 times. 
Sodium and potassium were measured by flame emission spectrophotometry 
(Golterman 1969; the analyses were performed by Jim Caldwell who died before I was 
able to obtain the specific details of the analyses). Chloride was measured by 
conductometric titration, and sulphate by turbidimetric determination (Golterman 
1969; ditto sodium and potassium). 
Monovalent cations are the sum of sodium and potassium in meq/l. Divalent cations 
are the sum of calcium and magnesium in meq/l. Salinity was determined by summing 
the concentrations, in mg/l, of the seven major ions. 
3.2.4 Modelling of physicochemistry 
Method used for analysis 
Restricted Maximum Likelihood (REML, Searle 1987; Genstat 5 Comm. 1993) in the 
statistical package Genstat (Genstat 5 Comm. 1993) is the method used for analysis. 
REML can be used on unbalanced data sets where there is more than one level of 
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variation in the data, in this case at the billabong and trip levels. REML is a linear mixed 
model, incorporating both random and fixed models which are run concurrently. For 
example, if farming, regulation and depth are the explanatory variables of interest, a 
model for phosphorus variation might be constructed as follows: 
P = m (an overall mean) 
+ effect of farming 
+ effect of regulation 
+ effect of a farm by regulation interaction 
+ effect of depth 
+random billabong variation (e.g. due to orientation) 
+ random billabong-trip variation 
or the fixed and random effects can be grouped and expressed in vector and 
matrix notation (Genstat 5 Comm. 1993): 
Y= Xa+ Z~ +c 
where: 
Y is a vector of data (length n) 
a is a vector of fixed effects (length p) with nxp design matrix X 
~is a vector of random effects (length q) with nxq design matrix Z 
c is a vector of random error (length n) 
REML partitions the effects of the fixed independent variables on the physicochemical 
variables, and of residual variation due to random model terms (Genstat 5 Comm. 
1993). For a model that contains multiple fixed variables (such as farming, regulation, 
billabong depth above), the effects of individual fixed variables are evaluated 
separately. The effects of other (unknown or unmodelled) factors are accounted for by 
the random billabong and billabong-trip variation. Such factors are considered random 
variables because most billabongs were chosen at random. 
Modelling process 
Assumptions 
Two assumptions are made in performing REML analyses. The random variation or 
error should be approximately normally distributed (symmetrical) and constant 
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between treatments ie. across the entire range of the response variable (Genstat 5 
Comm. 1993). To check that the assumptions are met two plots of residual variation are 
examined. A plot of the residual variation versus fitted values is checked to see if the 
residual variation is evenly distributed across the range of the fitted variable, and a plot 
of the residual variation versus the normal distribution is looked at to check that the 
residual data are symmetrically distributed. 
Modifications of dependent (physicochemical) variables 
The physicochemical variables were run minus outliers (as few as possible) to isolate 
the independent variables which have a significant effect. Then the effect of these 
independent variables was checked using the entire data set. If the influence of the 
outliers on the effects of the independent variables was minimal, they were included in 
the final results. It was necessary to rescale most of the physicochemical variables using 
natural log transformations in order to meet the model assumptions for residual 
variation. 
Treatment of independent (fixed) variables 
Natural log transformations are often made of the two continuous independent 
variables, depth and area, to create a linear relationship between an independent and 
response variable when a response variable was a natural log value. 
Trips are the level at which observations were made, but variation between sampling 
trips is of interest for determining the effects of flooding and seasonal factors. Sampling 
trip is therefore in both the random and fixed models (trips are random in the sense 
that a given billabong has an equal chance of being sampled one day as any other 
within the sampling period of 10-14 days). However, the presence of 'trip' in the 
random model is structural, and variation across sampling trips can be investigated by 
putting 'trip' in the fixed model. 
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Model construction 
Each of the independent variables was first tested for effects on physicochemistry in 
isolation from other independent variables in order that the more important 
explanatory variables might emerge. These turned out to be farming, river regulation, 
trip, depth, maximum area and river (see results section). Next a model with farming, 
river regulation, trip, river, (ln) depth and (ln) area and all possible two-way 
interactions of these terms was run. The most non-significant model terms are then 
excluded and the model rerun. This process is repeated until a preliminary model is 
produced where all model terms are significant. Subsequent model runs are made on 
the basis of questions arising from analysis of the preliminary model. 
The effects of 'river', 'farming', 'river regulation' were then tested against potential 
confounding factors: 'west km', 'hills' and 'rock'. Any effects of 'farming, 'river 
regulation' or 'river' were also compared by 'reach' (reach is defined in table 3.1). For 
farm effects this was done by way of testing the interaction term, and for regulation 
effects by substituting 'river regulation' with the appropriate 'reach' variable. 
Inference 
The statistical significance (p = .05) of a REML model term was usually tested using chi-
square statistics on the change in deviance between a given model and the model 
minus the model term (Genstat 5 Comm. 1993). The exception is for differences in 
physicochemistry in January and March of 1992 versus 1993, which were tested for by 
comparing two models: one using 'trip' and the second substituting 'month' for 'trip' 
(i.e. data for January and March of 1992 and 1993 are combined in the variable 'month'). 
The variance ratio was calculated from the stratum variances of the two models, and 
this was tested for statistical significance (p = .05) using the F-statistic. 
Means and errors 
REML provides estimates of the mean values of physicochemistry for categorical 
variables (farming, regulation, sample trip, river, reach) and the line of best fit for 
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physicochemistry versus depth or area. For fixed models with multiple independent 
variables, the estimates for a particular fixed variable take into account variation in the 
dependent variable due to other fixed variables in the model. 
Where errors are provided, they are ± 2 standard error of the mean (rather than the 
difference between means), which closely approximates the confidence interval for the 
mean (Elliot 1977). Slope errors for continuous variables provided by the REML 
algorithm are, however, for the difference between means. Where confidence intervals 
are large, the power of the analysis is not very great. 
Data adjustments for graphing 
Graphs of the relationship of y to x show the line derived from the REML model and 
the scatter of raw data which has been adjusted for the effects of other model terms by 
ordinary least squares (the adjustments cannot be made via REML). The adjustments 
are only approximate, but give an indication of the fit of the data to the model line. 
Table 3.3 Flood occurrence in different sectors of the field area Erior to and during the survey Eeriod. 
no. months no. months 
last month of between floods between floods 
section in floods prior to and January minor floods major floods and January 
study area survey 1992 during survey during survey 1993 
Sept or Sept 1992 to 
Upper Murray Oct 1991 3 or4 Jan 1993 Oct 0.5 - 1.5 
Oct 199lor late Sept 
Middle Murray Aug/Sept 1991 3or15 Sept to Nov to Oct 2 
Sept 1991 or 
Lower Murray Aug/Sept 1991 4or16 Sept to Oct Oct 3 
Ovens Sept1991 4 Sept to Oct late Sept 3 
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3.3 Results 
3.3.1 Timing of floods 
One major flood occurred during the survey period and another large flood preceded 
the survey. The timing of these and other, minor, flooding of billabongs during the 
survey depends on river sector and location on the floodplain. During the survey, 
floods mainly occurred prior to the September and November 1993 sample trips (table 
3.3). Flooding occurred earlier in the year in 1991thanin1992, so that the summers of 
1992 and 1993 differ in their proximity to major floods (table 3.3). This is especially true 
for the upper and middle Murray, and less so for the Ovens and lower lying billabongs 
on the lower Murray. The timing if floods for particular billabongs is shown in 
appendix table A3.1 under the variable 'flood'. 
The pattern of flooding was less uniform in the minor floods. Irrigation flows in 
January and March 1992 flooded billabongs 12, 14, 16 and 19 only. Flood waters prior to 
the September sampling period did not reach billabongs 13 and 15 in the middle 
Murray, or billabong 36 on the lower Murray. Ovens and Kiewa River billabongs were 
underwater during September 1992 and were not sampled. The Kiewa River has a 
similar flood hydrograph to the Ovens, since they drain adjacent catchments. The 
Barmah Forest, home of billabongs 39 to 41, was flooded after the July field trip and 
remained so, or at least the access was blocked, for the rest of the survey period. Middle 
and lower Murray billabongs experienced only a minor flood in September 1991, prior 
to the limnological survey, so some billabongs may not have been flooded since 
August-September 1990. 
3.3.2 Data range and the effect of exclusion of outliers 
Data from billabong 11 are excluded from REML analyses since it is the only billabong 
sampled on the Kiewa River. No further samples are excluded from the analyses of 
billabong depth, turbidity and Seed depth. 
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Table 3.4. Data excluded from REML analyses of effects on physicochemical variables. Data from Kiewa River 
B ·zz b 1 d . REML l z a on!( 1 was not use zn ana yses. 
physico- area> 
chemical outliers 14ha number 
variable excluded excluded analysed 1/92 3/92 5/92 7/92 9/92 11/92 1/93 3/93 
depth 0 253 
lnN 3 249 16,40 10 
lnP 0 13 239 
In turb. 0 251 
In Secci 0 233 
pH 3 13 225 15 15 18 
In salinity 2 13 234 20 2 
Ca+Mg 
Na+K 5 13 233 16 20 7a 8, 21 
4, 
In (Ca +Mg) 6 248 20 20,26 4 21 
Table 3.5 Summary of ph~sicochemical data collected in the billabong_ survey. 
variable units number min 10% 50% mean 90% maximum 
max. area ha 42 .01 .44 2.3 4.7 7.9 67 
depth cm 253 3 48 136 163 331 573 
tot. nitrogen mgi-1 255 .08 .68 1.36 2.05 4.46 19.60 
tot. phosphorus mgrl 255 .014 .070 .160 .302 .480 5.200 
turbidity NTU 254 2.2 6.2 21 33.8 79 260 
Secci depth cm 236 3 14 36 44 88 220 
temperature •C 254 6.4 8.3 18.4 17.1 24.2 36.9 
pH pH 236 5.38 5.96 6.70 6.69 7.31 9.4 
conductivity µS cm-1 195 38 56 98 144 259 1690 
calcium meqrl 252 .015 .054 .102 .142 .286 .725 
magnesium meqrl 254 .018 .124 .249 .349 .723 3.493 
potassium meqrl 254 .013 .031 .060 .098 .190 1.501 
sodium meqrl 254 .109 .202 .348 .536 .884 4.302 
bicarbonate meqi-1 252 .016 .246 .629 .773 1.495 2.989 
sulphate meqrl 254 0 0 .011 .017 .035 .182 
chloride meq1-l 254 .028 .056 .183 .435 .894 7.898 
salinity mg1-l 251 16.7 39 69 94.6 177 663 
[Ca+ Mg:] meqrl 
[Na+ K] 
meqrl 0.09 0.35 0.90 0.92 1.48 3.67 
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Table 3.6 Maximum, minimum and mean values of the data used in statistical 
anal~ses tallowing_ the exclusion at outliers. 
variable units number minimum mean maximum 
depth cm 253 3 164 573 
nitrogen mgi-1 249 .15 2.08 19.60 
phosphorus mg1-l 239 .014 .306 5.200 
turbidity NTU 248 2.2 34.2 260 
Secci depth cm 233 3 44 220 
pH pH 225 5.38 6.66 8.1 
salinity mgi-1 234 16.7 91.8 663 
Ca+Mg meq i-1 233 0.09 0.90 2.19 
Na+K 
meqi-1 
All data from billabongs 29 and 30 are excluded from REML analyses where maximum 
billabong area is found to have significant effects (phosphorus, pH, salinity, cation 
ratios; table 3.4). Billabongs 29 and 30 are very large in total area (15 and 67 ha, 
compared to the next largest which is 8 ha), but are effectively smaller than their 
reported size due to subdivision by very shallow sills and dense emergent macrophyte 
beds. The size of billabongs 29 and 30 means that they exert a disproportionate 
influence on the relationship of physicochemistry to billabong area, and apart from 
immediately following a flood, billabongs 29 and 30 are in many ways much smaller 
billabongs. 
No further billabong-samples are excluded from the phosphorus analysis, but further 
samples are excluded on the basis of their contribution to residual variation in REML 
analyses (table 3.4), and are often somewhat extreme values or are strongly opposed to 
a trend within a billabong or sample grouping. 
The general characteristics of the data run in the REML analyses have been little 
affected by the exclusion of outlier data. For most of the variables, both the range and 
the mean values used in REML analyses (table 3.6) are very close to those for the entire 
survey (table 3.5). The cationic ratio (DV /MV) and pH are the most affected by 
trimming. The extreme low end of the nitrogen range is also affected. 
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3.3.3 Factors affecting ph ysicochemical variables 
Important fixed variables 
A considerable number of exploratory REML analyses were undertaken before the 
systematic approach outlined in Section 3.2.4 was adopted. In almost all cases, 
independent (fixed) variables which did not significantly affect (p = .05) 
physicochemical variables in models where they were the only fixed variable did not 
have significant effects in models with multiple fixed variables (including interactions). 
The distance of a billabong from hills or bedrock ('Hills', 'Rock' table 3.1) were never 
found to significantly affect physicochemistry, and so were not included in the initial 
systematic models with multiple fixed variables (Section 3.2.4). Billabong location on 
the east-west axis of the study region ('West Km' table 3.1) was not tested initially in 
the same way as 'Hills' or 'Rock', and is only analysed as a possible confounding effect 
(results below). 
The relationships between farming, regulation or other independent variables and the 
physicochemical variables found to be significant are summarised in table 3.7. The 
contrast in physicochemistry between the summers of 1992 and 1993, used as evidence 
for the effects of flooding (Section 3.2.1), is found in table 3.8. The portions of 
unexplained variation in physicochemistry attributable to spatial and temporal sources 
are reported in table 3.9. A comparison of spatial and temporal variation attributable to 
natural and land use factors is found in table 3.10. 
The physicochemical data are fully recorded in appendix table A3.l. The range and 
average values of physicochemical variables encountered in the survey are summarised 
by billabong in appendix tables A3.2 and A3.3. 
Temperature 
Mean temperature for the study, which encompassed a year and, for some billabongs, 
an extra summer, are around 17 °C (table 3.4, below). Taking into account only 6 
consecutive sampling periods (i.e. a year) the mean annual temperature for billabongs 
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Figure 3.1 Median levels of physicochemistry found in the 9 billabongs that were sampled all eight 
sampling trips. Physicochemical variables are expressed at the scale used in REML models. All 
billabongs were sampled within one month of flooding during the September and November 1992 
sampling trips, and 3 had been recently flooded in January 1993. Only 8 Secci depth readings contribute 
to the first 3 trips. Vertical dashed lines enclose trips where floods occurred prior to sampling. 
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Figure 3.2 Temperature differential between surface and deep waters before noon (top) and after noon 
(bottom) in billabongs. Sampling was carried out during the limnological survey. 
73 
Figure 3.3 Examples of temperature stratification in billabongs: a-c diel stratification (afternoon profiles); 
d stratification persisting overnight (early morning profiles). Numbers relate to billabongs as follows: 1 
bb12 16/11/92; 2 bb14 16/11/92; 3 bb26 17 /11/92; 4 bb13 16/11/92; 5 bb32 20/11/92; 6 bbll 16/11/92; 
7bb2717 /11/92; 8bblO12/1/92; 9bb1318/1/92;10 bb13ll/3/92;11bb612/l/92;12 bb1610/3/92; 13 
bb29a 20/11/92; 14bb619/11/92;15 bb3818/9/92. 
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is around 15.5 °C (128 observations). Summer temperatures (January) averaged 23.2 °C 
(58 observations) and very high water temperatures, up to nearly 37 °C, are found in 
shallow billabongs in the direct mid-summer sun. Mid-winter temperatures (July) 
never drop below 6.4 °C and average 8.0 °C (38 observations). 
Temperature stratification developed by afternoon in most billabongs during the 
warmer months of November, January and, to a lesser extent, March and September 
(figures 3.2 and 3.3). Occasionally stratification was strong, up to an 11 °C difference 
between the surface and 2 m depth. Stratification persisting overnight was detected on 
6 of 45 potential occasions throughout the year, but only exceeded ~2 °C on one 
occasion (figure 3.3d). 
Table 3.7 Factors related to physicochemistry and their statistical significance. (Independent) variable 1 x variable 
2 denotes an interaction. The P-value for term 1 x term 2 is for the interaction only i.e. after taking into account 
variation in the dependent variable due to the individual independent variables. Dominant variables in interactions 
are shown in bold-face. Reach/regulation* refers to the pattern across all reaches and with MM and WM billabongs 
divided by level of regulation (table 3.1). 
dependent 
physicochemical 
variable 
depth 
ln nitrogen 
ln phosphorus 
ln turbidity 
ln Seed 
ln salinity 
ln (Ca+ Mg) 
indeEendent variables 
regulation x trip + 
farming x regulation 
ln depth+ 
trip 
farming+ 
ln area+ 
ln depth x trip 
ln depth+ 
trip 
ln depth x trip 
farming x trip + 
farming x ln depth + 
regulation x trip+ 
ln area 
reach/regulation* 
x ln (Na+ K) 
significance of 
independent variable 
or interaction 
<< .001 
.016 
« .001 
.001 
.030 
.013 
.001 
<< .001 
.029 
.009 
.001 
<<.001 
.001 
.044 
.001 
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Table 3.8 A contrast of physicochemistry in the summers of 1993 and 1992, derived from the change in deviance of 
the full model and the model with 'month' (1992 and 1993 data for January and March pooled) substituted for 
'trip'. If the change in deviance is not statistically significant, then the mean levels of a physicochemical variable in 
the summers of 1992 and 1993 are not different. 
physicochemical variable 
billabong depth 
total nitrogen 
total phosphorus 
turbidity 
Seed depth 
salinity 
full model 
regulation x trip + 
fanning x regulation 
In depth+ 
trip 
fanning+ 
In area+ 
In depth x trip 
In depth+ 
trip 
In depth x trip 
fanning x trip + 
farming x In depth + 
regulation x trip + 
In area 
probability that the summers Gan. 
and March) of 1992 and 1993 have 
the same physicochemistry 
<< .001 
.020 
« .001 
.644 
.121 
<<.001 
Table 3.9 Variance components of random variation in REML analyses billabong (spatial) level versus that 
occurring at the trip (temporal) level. The balance of components between spatial and temporal random variation is 
only approximate since it depends on the fixed model variables. For example, if like trips are grouped in the model, 
the variation attributable to billabong decreases by 10 to 20%. The 'Ca+ Mg' variable is the dependent variable for 
the DV/MV ratio. The fixed model term used for temperature is trip, and terms for all other variables are as in table 
3.8. 
%ofrandom billabong 
physicochemical variation variance 
variable at billabong level component 2x s.e. 
depth (cm) 88 6936 3350 
ln nitrogen (mg/l) 52 0.209 0.109 
ln phosphorus (mg/l) 37 0.143 0.088 
ln turbidity (NTU) 57 0.419 0.219 
ln secchi (cm) 56 0.199 0.106 
ln salinity (mg/l) 79 0.214 0.108 
C 2• M 2• ~ a+ g me 
Na· +K• (meq) 25 0.029 0.023 
Ca2·+Mg2• (meq) 32 0.082 0.056 
pH 15 0.042 0.040 
temperature (°C) .01 0.003 2.538 
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Table 3.10 A comparison of the magnitude of variation in physicochemistry due to natural spatial and 
temporal factors, and land use. The magnitude of spatial and temporal variation is calculated as described 
in Section 3.2.1. For temporal variation in phosphorus and Secci depth, the effects of trip and annual 
depth fluctuations are interactive. Therefore, the effects for trip are calculated by adjusting the depth to 
mean depth for the survey, and the effects of depth fluctuations are from the sampling trip with the 
largest effect. For salinity, land use effects are interactive with depth and trip. The magnitude of variation 
is estimated as the range of salinity variation found in billabongs affected by land use minus the range of 
salinity variation in 'control' billabongs (Nonfarm, Unregulated). The effects of multiple independent 
variables (e.g. on phosphorus) are not necessarily additive. The value for natural temporal variation in 
billabong depth was obtained from unregulated billabongs but is close to the mean annual depth 
fl.uctuation for all billabon~ s surveyed. 
variable spatial variation temporal variation 
dependent independent possible source ma=itude possible source magnitude 
increasing: mainly 
depth at formation floods 
depth regulation*trip minus infill 4.3m decreasing: seasonal 1.1 m 
(unregulated bb' s only) evaporation or ground 
water exchanges 
depth differences in mean 380% floods? & other factors 60% 
total depth annual depth fluct's 
nitrogen trip 50% 
farming fertilisers & manure 40% 
total area differences in 125% annual area fluct's 20% 
phosphorus maximum area 
depth*trip differences in mean 30-1860% floods? & other factors 300% 
depth, depending on annual depth fluct's 130% 
sampling trip 
depth differences in mean 460% 
turbidity depth 
trip floods 60% 
annual depth fluct's 60% 
differences in mean floods I seasonal 50% 
secci depth depth*trip depth, depending on 330-640% 
sampling trip annual depth fluct' s 70% 
area differences in 110% 
maximum area 
rangeinim-
pacted relative 
to controls: 
salinity farm*depth unkn. farm effect, dep- 225% 
ending on mean depth (all trip variation): 
farm*trip unkn. farm effect, -35% seasonal 100% 
depending on trip 
regulation*trip unknown factors 100% 
exposed bb' s frequent dilution -40% 
isolated bb' s dee. flooding -7 inc. 110% 
concentration 
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Figure 3.4 Variation in billabong depth with a) trip and b) farming intensity depending on the level of 
regulation. The number of billabongs flooded is shown for comparison with trends in depth with trip. 
The Exposed/Farm billabong class is only represented by one billabong (table 2.11). 
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Billabong Depth 
All of the results for billabong depth are based on non-flood measurements. The 
billabongs surveyed are shallow, with depths ranging form 3 to 573 cm (table 3.5), 
although billabongs 17, 18 and 37 dried up completely during the survey. Mean depth 
is 1.63 m (median= 1.36 m) and 90% of the depth readings are less than 3.3 m (zero 
depths not included). The shallowest billabong has a mean depth of 0.3 m, and the 
deepest 4.5 m. 
Annual water level fluctuations are substantial as a proportion of total depth, even in 
deep, permanent billabongs. Fluctuations vary between 0.2 m and 3.8 m, with most 
between 0.5 - 2 m, and a mean of 1.1 m. Deeper billabongs tend to have larger depth 
fluctuations (appendix table A3.2). Annual depth fluctuations are dependent on level of 
river regulation. Water levels increase with flooding by just over 1 m in Isolated and 
Unregulated billabongs, and by 2.5 m in Exposed billabongs (figure 3.4a; table 3.10). 
Billabongs are deeper in the summer of 1993 than in the summer of 1992, corresponding 
with flooding later in 1992 than 1991 (p < .001, table 3.8; figure 3.4a). Decreasing water 
levels are seasonal, occurring mainly in the summer. 
The more erratic nature of site depth in Exposed billabongs is noteworthy, and 
contributes to large standard errors and the changeable mean depths for January to 
May 1992 when irrigation releases occurred from the Hume Dam (figure 3.4a). Water 
level fluctuations in Exposed billabongs 12, 14, 16 are the highest in the survey 
(appendix table A3.2), and also the most rapid, based on numerous observations in 
addition to the survey observations. Water levels in these billabongs rise and fall 
synchronously with the river as flows were varied for irrigation purposes. The two 
Exposed billabongs with lowest depth fluctuations, a scour hole (19) and a high-water 
anabranch channel (33), have more substantial barriers separating them from the 
flowing water than the other Exposed billabongs. 
Mean depths of Farm and Nonfarm billabongs are nearly identical on unregulated 
floodplain (figure 3.4b ), but Exposed billabongs are about 2 m deeper than either 
Unregulated or Isolated billabongs (figure 3.4b ). Farm billabongs within the Isolated 
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category are particularly shallow, being on average 141 cm shallower than Nonfarm 
billabongs once other factors are taken into account (figure 3.4b ). 
Most of the unexplained variation is spatial (table 3.9), and little unexplained variation 
in the data occurs once differences in the maximum depth of billabongs are taken into 
account (results not shown). 
Total Nitrogen 
Total nitrogen levels vary from 0.08 to 19.60 mg/l (table 3.5). Mean levels of total 
nitrogen range from 0.523 to 7.687 mg/l between billabongs (appendix table A3.2). 
These levels are generally mildly eutrophic (cf. Rast et al. 1989) and are all above the 
provisional values of 0.1 to 0.5 mg/l nitrogen thought to be the threshold where algal 
blooms may become problematic in Australian lakes (ANZECC 1992). Only billabongs 
1, 7a, 12, 16 and 29a are oligo-mesotrophic (the two classes are not distinguishable on 
the basis of nitrogen levels; Rast et al. 1989). Billabongs 1 and 16 are Farm billabongs and 
the remainder are Nonfarm. All but billabong 1 are fairly deep billabongs, but not all 
deep billabongs had low nitrogen (cf. billabongs 6, 14, 19, 32, 35, 38). Nitrogen 
concentration has a skewed distribution and is modelled on the natural log scale. 
Total ln nitrogen concentration is inversely related to ln billabong depth (figure 3.5a), 
although there is a fair degree of scatter in the data. Variation in nitrogen concentration 
from typical annual depth fluctuations is around 50% to 60% (table 3.10). 
Flooding dilutes nitrogen concentrations (figure 3.1) but has a much more subdued 
effect on nitrogen loading (figure 3.5b). Temporal variation in nitrogen loading is 
inferred from changes in nitrogen concentration independent of depth fluctuations. 
Nitrogen loads are slightly higher in the summer of 1993 than the summer of 1992 (P = 
.02, table 3.8; figures 3.4b, 3.5), suggesting a minor effect of floods (only about 60%, 
table 3.10). Long term trends in nitrogen loading are remarkably stable. Unexplained 
variation is about equally due to temporal and spatial factors (table 3.9). 
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Figure 3.5 The relationship of total nitrogen concentration to a) billabong depth, and b) trip. The line in 
3.Sa is the model relationship of nitrogen and depth, but the points are raw data adjusted for the effects 
of trip. 
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Figure 3.6 A comparison of temporal variation in the c~ncentration of total ln phosphorus and total ln 
nitrogen. The nitrogen values have been adjusted for variation in ln depth, and likewise phosphorus 
values adjusted for ln area, ln depth and farming. For ln phosphorus, the effects of the interaction of 
depth and trip are not included in this figure, i.e. depth effects are averaged over trips. 
Total Phosphorus 
Total phosphorus varies between 0.014 and 5.200 mg/l (table 3.5). Mean levels of total 
phosphorus within billabongs (0.103 - 1.680 mg/l) are all at least eutrophic and about 
half are highly eutrophic (> 1 standard deviation above mean for eutrophic in Rast et al. 
1989) and all values are well above the 0.01 to 0.05 mg/l P provisional threshold where 
algal blooms might become a problem in Australia (ANZECC 1992). Hypertrophy is 
indicated for billabongs 3, 15, 28 and ephemeral billabong 18 (mean > 0.8 mg/l P, Rast 
et al. 1989). The lowest average phosphorus levels are encountered in deep billabongs 
12 and 16, but only billabong 16 falls within 2 standard deviations of the mean value for 
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mesotrophy. All of these billabongs are shallow and intensely farmed. Total 
phosphorus has a skewed distribution and is modelled on the natural log scale. 
Phosphorus concentration has an inverse relationship with billabong depth which is 
strongest in the summer of 1992, weaker in the winter, and disappears in summer of 
1993 when billabongs have uniformly high levels of phosphorus (figures 3.6, 3.7c). 
Strongly elevated phosphorus loads (inferred as for nitrogen) in the summer of 1993 
compared to the summer of 1992 (~200% higher) suggests a delayed effect of flooding. 
Seasonal variation in phosphorus loading is not apparent (figures 3.6, 3.7), and 
decreasing ln phosphorus concentration directly after floods in September and 
November (figure 3.1) is due to dilution rather than a fall in phosphorus loading (cf. 
figure 3.6). 
Annual water level fluctuations account for significant variation in P concentration 
(about 130%), but less than that due to annual changes in loading (~300%; table 3.10). 
The effect of farming is minor in contrast: Farm billabongs have about 40% higher 
phosphorus loads than Nonfarm billabongs (figure 3.7b). Seasonal changes in the area of 
a billabong are likely to have little impact on phosphorus levels in billabongs, based on 
variation with maximum billabong area (figure 3.7a; table 3.10). 
Unexplained variation in phosphorus is predominantly temporal (table 3.9), but is 
minor in comparison to the explained temporal trends in phosphorus. 
Secci depth and turbidity 
Light penetration is fairly limited with mean Secci depth of only 44 cm and a maximum 
of 220 cm (table 3.5), although maximum Seed depth may be slightly greater since 
missing values were recorded on 16 occasions when the disc was visible on the bottom 
of the billabong. Mean values of turbidity are also high at 34 NTU (median 22 NTU) 
and 10% of samples greater than 79 NTU. 
Some billabongs are consistently clear or turbid, and others have quite variable light 
environments (appendix table A3.2). Consistently clear waters are found in billabongs 
that support fairly dense stands of submerged macrophytes (see below). 
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Figure 3.7 The relationship of total phosphorus concentration to a) maximum billabong area, b) faming 
intensity, and c) depth, depending .on trip . The line in 3.3a is the model relationship of phosphorus and 
area, but the points are raw data adjusted for the effects of other model terms. 
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A crude estimate of euphotic depth based on empirical relationships with turbidity or 
Seed depth is provided here, notwithstanding that the vertical attenuation of light is 
not solely related to either measure (Kirk 1994). Using the relationships Kd = 
1.44/(Secd depth) and euphotic depth= 4.6/Kd (Kirk 1994), the mean euphotic depth 
in billabongs is 141 cm. This is likely to be an overestimate, since the billabong waters 
are more turbid than the ones used to derive the formula (Kirk 1994). 
For turbidity, from Kirk (1985): b =turbidity (NTU), Kd(PAR) = 0.044b + 1 (calculated 
from figure 7 for Burrinjuck Reservoir, N.S.W.). Using this, the mean euphotic depth in 
billabongs is 185 cm. Using Oliver (1990: figure 3): Kd = 0.30(turbidity, NTU) + 0.55, the 
mean euphotic depth in billabongs is only 43 cm. The influential points in the 
relationship derived from Oliver (1990) occur during a shallow water phase when 
turbidity and chlorophyll concentration were very high, and so the estimate is perhaps 
extreme. 
Both Seed depth and turbidity are skewed and analysed on the ln scale. Turbidity is 
inversely related to depth (figure 3.8a) and the reverse is true for Seed depth (figure 
3.9). Short term effects of flooding on mean light conditions, independent of changes in 
billabong depth, are apparent (figures 3.1, 3.8b and 3.9; table 3.10). Turbidity varies 
most following the two floods, but the floods have opposing effects, the first increasing 
turbidity by just under 40%, and the second decreasing turbidity by just over 60%. The 
effect of the later floods on turbidity (independent of depth; figure 3.8b) last to the end 
of the survey. The equivalent pattern is not observed for Seed depth since the first flood 
does not have shallower mean Seed depth (figures 3.1, 3.10). Floods do not have a 
lasting effect on mean Seed depth (figure 3.10), but the relationship of Seed depth to 
billabong depth disappears in the flood months and only gradually reappears 
thereafter (figure 3.9). 
The conflicting trends for turbidity and Seed depth are not an effect of a greater 
number of missing values for Seed depth; when the turbidity data are restricted to 
samples where there is corresponding Seed depth data, the effects of ln depth and trip 
on ln turbidity are virtually identical. 
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Figure 3.8 The relationship of turbidity to a) billabong depth, and b) trip. The line in 3.7a is the model 
relationship of turbidity and depth, but the points are raw data adjusted for the effects of trip. 
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Figure 3.9 The relationship of Secci depth to billabong depth, which varies with trip. Secci depth is 
generally positively related to depth. 
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Figure 3.10 A comparison of variation in turbidity and Secci depth with trip. The turbidity and Secci 
depth values have been adjusted for variation in ln depth. For ln Secci depth, the effects of the interaction 
of depth and trip are not included in this figure, i.e. the depth effects are averaged over trips. 
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Variation in Seed depth has a pattern hinting at seasonal explanatory factors (figures 
3.1, 3.10). Seed depth superficially tracks daylength or fluctuations in depth (figure 3.1), 
but adding daylength to models did not affect Seed depth once the effects of billabong 
depth were taken into account. 
Overall, the fluctuations in turbidity and Seed depth are relatively small ( <70%; table 
3.10), but there is a relatively large amount of unexplained variation, just under half of 
which is due to temporal factors (table 3.9). 
Salinity and ionic dominance 
Both conductivity and salinity values indicate the billabongs have freshwater at all 
times. Conductivity ranges from 38 to 1690 µS cm-1 but averages only 149 µS cm-1 (table 
3.5). The billabongs have a mean salinity of just 92 mg/land a range of 16.1 to 584 mg/l 
(table 3.5). The overall ionic order is Na+ > Mg2+ > Ca2+ >> K+ and HC03- > Cl- >> 
S042-, although the divalent cations and bicarbonate predominate in the east and 
gradually decline in importance westward. Sulfate levels are quite low throughout the 
region. The single Kiewa River billabong (billabong 11) is strongly dominated by 
sodium and chloride, to an extent only matched by billabong 15 on the Murray River 
and billabongs 20 and 28 on the Ovens River. Salinity is skewed so is analysed on the 
natural log scale. 
Salinity is significantly but slightly higher in Farm billabongs than Nonfarm billabongs, 
depending on trip (up to 70%; figure 3.llb ), and as water levels drop salinity increases 
by 65% in Farm billabongs but is unchanged in Nonfarm billabongs (figure 3.lld). 
Salinity levels vary more in Unregulated and Isolated billabongs than Exposed billabongs 
(figure 3.lla). 
The main salinity pattern associated with trip appears to be due to seasonal factors 
rather than an effect of flooding (figures 3.5, 3.11). Salinity levels are depressed 
compared to their summer levels in May 1992, well before floods, and rise between 
September and November 1992, in spite of flooding prior to both of these trips. 
However, salinity is slightly higher in the summer of 1993 than 1992, independent of 
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Figure 3.11 The relationship of salinity to a) regulation, which varies with trip, b) farming, which varies 
with trip , c) area, and d) billabong depth, which varies with fanning intensity. 
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Table 3.11 The slope of ln(Ca2+ + Mg2+) versus ln(Na2+ + K+), with billabongs divided by river reach and, 
below the Hume Dam, by level of re~lation. 
physico-
chemical reach and level slope of 
variable of regulation n ln (Ca2• + Mg2» vs. ln (Na• + K•) 
EM 75 0.77 ± 0.28 
Ca'· + Mg'• MM/P2 24 -0.04 ± 0.30 
(meg r 1) MM/P3 20 0.81±0.31 
WM/P2 11 -1.31±0.78 
WM/P3 73 0.49 ± 0.20 
0 45 0.64 ± 0.30 
differences in depth, indicating a possible effect of flooding (table 3.8; figure 3.lla,b). 
Overall annual variation averages around 100%, which is the same magnitude as due to 
between-billabong differences in maximum area (table 3.10). Random error is relatively 
high, and is mostly at the billabong (spatial) rather than trip (temporal) level (table 3.9). 
Modelling of variation in concentration of the individual ions (results not shown) 
suggests the effect of farming on the In depth-In salinity relationship is due to the 
elevation in Farm billabongs of all major ions, relative to Nonfarm billabongs, except 
bicarbonate (not significant) and sulphate (not modelled due to low levels). 
Mono- and divalent cations 
The ratio of divalent and monovalent cations (in meq/l) varies between 0.09 and 3.67, 
but the 3.67 reading is an extreme outlier. The bulk of values peaked around 2.2 - 2.4. 
If the slope in the relationship of In DV to In MV (b in DV /MVh) is allowed to vary for 
each model term, the slope varies with river reach and, within this, river regulation 
(table 3.11). The slope appears to be very region-specific, with no consistent patterns for 
rivers or associated with river regulation. Consistent with this, DV /MV varies with 
changes in salinity (figures 3.1, 3.12). The .slope is approximately equal to one only on 
the eastern Murray and, for Isolated billabongs, on the middle Murray. Since the 
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Figure 3.12 A comparison of variation in In salinity and DV /MV with trip. For DV /MV, the effects of the 
interaction of depth and farming are not included in this figure, i.e. they are averaged over trips. 
assumption that the slope is equal to one is not true for all sections of the study region, 
variation in DV /MV is not investigated further. 
pH 
Average values of pH in the billabongs fall between 6 and 8 with the overall average 6.7 
(table 3.4). No acidic flushes are observed; the lowest pH recorded is 5.38 (billabong 1, 
November 1992). The highest pH reading of 9.4 occurred in shallow water and hot 
conditions (billabong 18, January 1993). The pH meter malfunctioned occasionally and 
19 measurements are missing. 
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Farming, river regulation, trip and depth are all found to significantly affect pH but in 
no cases are the effects greater than 0.3 pH units. It is doubtful that this variation could 
have great biological significance at pH values in the neutral range, so the effects are 
not detailed further. 
3.3.4 Confounding facto rs 
In no instance are 'West Km', 'Hills' or 'Rock' (distance west in the field area, distance 
from hills or bedrock) significant independent variables when variation due to other 
independent variables are taken into account. West Km may confound with farming for 
effects on salinity; when West Km is substituted for farming in the model for salinity, 
its interaction with ln depth is highly significant (p = .004), but much less so than farm x 
ln depth is (p << .000). Running the interaction of farm by ln depth as an independent 
variable in competition with West Km by ln depth results in a high level of significance 
for the farm interaction and the West Km interaction is not significant. 
3.3.5 Comparative limno logy 
Local versus regional 
Spatial variation in billabong physicochemistry due to differences in billabong mean 
depth and maximum area is several times greater than temporal variation, except in the 
case of salinity, which is equally due to spatial and temporal factors (table 3.10). The 
effects of farming are minor for phosphorus, but important for salinity. The effects of 
regulation are important for both depth and salinity. 
Temporal variation in billabong physicochemistry over two six-year periods in 5 
(chiefly 3) billabongs on the Murray River near Albury (Hillman 1986; Boon et al. 1990) 
is close to the regional variation in physicochemistry measured in the 42 billabongs of 
this study (table 3.12). Measurements in this study from the single Kiewa River 
billabong do not extend the total variation observed in any one variable. 
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Table 3.12 Range and mean physicochemistry of billabongs in this survey (approx. 250 observations/variable from 
a 15 month survey of 42 billabongs spread over around 300 straight-line kilometres of 2 rivers, plus one billabong 
from a third river), compared with summary data of thousands of observations collected over two overlapping 
periods (6 and 7 years) from 5 billabongs separated by tens of kilometres on the Murray River near Albury. The 
first row of each variable is data from this study, the second from data collected near Albury in 1977 - 1982 
(Hillman 1986), and the third from the same area between 1982 and 1988 (Boon et al. 1990). Most of the data from 
near Albury are from 3 billabongs: Ryan's I and II and Snowden' s billabongs. The mean temperature reported from 
this study_ is mean annual. 
variable units min 10% 50% mean 90% max source 
tot. nitrogen mgr1 .08 .68 1.36 2.05 4.46 19.60 this study 
.09 .54 1.49 3.27 6.27 151.2 Hillman 1986 
.01 3.91 35.1 Boon et al. 1990 
tot. phosphorus mgr1 .014 .070 .160 .302 .480 5.200 this study 
.011 .067 .202 .301 .540 7.47 Hillman 1986 
.015 .28 2.61 Boon et al. 1990 
turbidity NfU 2.2 6.2 21 33.8 79 260 this study 
0.9 3.2 9 15.l 24 435 Hillman 1986 
0.9 23.1 218 Boon et al. 1990 
temperature •C 6.4 15.5 36.9 this study 
2.6 16.3 35 Hillman 1986 
2.6 15.7 35 Boon et al. 1990 
pH pH 5.38 5.96 6.70 6.69 7.31 9.4 this study 
4.2 6.9 7.4 7.4 7.8 10.0 Hillman 1986 
conductivity µScm-1 38 56 98 144 259 1690 this study 
56 89 245 317 613 2240 Hillman 1986 
46 312 2240 Boon et al. 1990 
calcium meqr1 .015 .054 .102 .142 .286 .725 this study 
.044 .364 2.504 Boon et al. 1990 
magnesium meql-1 .018 .U4 .249 .349 .723 3.493 this study 
.045 .598 3.596 Boon et al. 1990 
potassium meq 1-1 .013 .031 .060 .098 .190 1.501 this study 
.031 .201 1.453 Boon et al. 1990 
sodium meqr1 .109 .202 .348 .536 .884 4.302 this study 
.197 1.383 14.35 Boon et al. 1990 
bicarbonate meq 1-1 .016 .246 .629 .773 1.495 2.989 this study 
-0 1.083 4.199 Boon et al. 1990 
sulphate meqr1 0 0 .011 .017 .035 .182 this study 
-0 .085 3.502 Boon et al. 1990 
chloride meqr1 .028 .056 .183 .435 .894 7.898 this study 
.085 1.543 20.63 Boon et al. 1990 
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Plant rich versus plant poor 
Deep, unvegetated billabongs are similar to deep, vegetated billabongs in all respects 
but the light environment (table 3.13; macrophyte cover is reported in Chapter 4). 
Vegetated billabongs have lower turbidity and deeper Seed depths than unvegetated 
billabongs. 
Table 3.13 A comparison of the limnology of deep billabongs with either low or high aquatic macrophyte 
cover. The billabongs with low cover are numbers 14, 16, 32, 33, 35, 38 and 41. Those with high cover 
are 1, 5, 6, la and 29a. (29a has lower cover than the others due to a lack of shallow zones, but growth is 
vigorous in the available habitat). 
max. total total 
area depth nitrogen phosphorus turbidity Secci salinity 
(ha) (cm) (mg/l) (mg/l) (NTU) de:eth(cm) (mg/l) 
deep, 
unvegetated 
minimum 1.5 121 0.08 0.014 7 14 34 
median 220 1.08 0.125 23 34 54 
7 billabongs mean 4.6 268 1.38 0.137 28 37 66 
44 observ. maximum 7.8 573 4.00 0.450 79 97 300 
deep, 
vegetated 
minimum 0.4 97 0.15 0.020 2 30 26 
median 291 0.95 0.080 8 73 86 
5 billabongs mean 2.5 287 0.90 0.140 10 86 88 
33 observ. maximum 5.3 471 1.60 0.620 21 220 184 
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3.4 Discussion 
3.4.1 General limnology 
Billabongs in the study region tend to be shallow, relatively warm, turbid, nutrient rich, 
freshwater lakes with circumneutral pH and diel stratification in the summer. A few 
billabongs are exceptions, either being deep, clear-water or at times having only 
moderate levels of total nitrogen or phosphorus. Also, the high levels of turbidity raise 
the possibility that a significant fraction of the total phosphorus is sediment-bound and 
non-bioavailable. Without fractionation of the total phosphorus, further comment 
cannot be made about this possibility. 
Overall, sodium and bicarbonate dominate the ionic balance. However, billabongs in 
the east of the study region are most often magnesium or calcium bicarbonate waters, 
with sodium chloride waters being increasingly common westward. The changing east-
west pattern of ion balance could be due to a number of factors, some of which appear 
to confound with farming (see below). These include natural factors such as uptake by 
macrophytes and subsequent release during decomposition, groundwater inputs, and 
ion exchange with suspended clays (Hamilton and Lewis 1987, 1990). Changes in the 
nature of the clay fraction moving westward have not been studied. Since macrophytes 
are found throughout the study region (Chapter 4), they probably do not explain the 
relative increase in sodium and chloride westward. However, sodium and chloride are 
more dominant in the Ovens River than the Murray River (Walker and Hillman 1977), 
so variation in the composition of floodwater between rivers may explain the pattern. 
Alternatively, closer to the mountains, groundwaters may be enriched in divalent 
cations and bicarbonate compared to further out on the riverine plain. However, 
contrary to this explanation, the single Kiewa River billabong, which abuts a hill, is 
dominated by sodium chloride. Therefore, the source of runoff is the most likely factor 
underlying the patterns of major ion balance. 
The use of the ratio of divalent to monovalent cations as a limnological measure in the 
billabongs of the region is not possible since the coefficient b, in the relationship of 
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DV /MVb = a constant, is inconsistent between river reaches and not usually equal to 
one. The fact that salinity and DV /MV are positively related (figure 3.12) underscores 
this fact. Perhaps this also explains the conflicting data about the importance of the 
DV /MV ratio to aquatic biota (Moss 1972; Wetzel 1975; Golterman and Kouwe 1980). In 
some cases the cation groups may not covary in the expected way (with b = 1), making 
the DV /MV ratio a nonsense variable when 'forced' into a relationship that does not 
exist. 
As water levels drop, nutrients increase and the light environment deteriorates. This is 
probably related to the influence of sediments on the water column (e.g. Ryding and 
Forsberg 1977; Briggs et al. 1985; Forsberg et al. 1988; Hamilton and Lewis 1987, 1990) 
and the concentration of constituents as water volume decreases (Hamilton and Lewis 
1987; Oliver 1990). However, the slope of the relationship of particular physicochemical 
variables and billabong depth is usually around -0.5 or +0.5 (appendix table A3.4), not 
-1 or + 1 as expected if the mechanism is simply concentration by water evaporation. 
Furthermore, salinity does not increase (in Nonfarm billabongs) as depth decreases. 
These data suggest an influence of sediment-water relations, or exchanges of billabong 
water and groundwater (Williams 1967; Pressey 1986). 
Sediment-water relations or groundwater inputs and may also explain the inverse 
relationship of both phosphorus concentration and salinity with maximum billabong 
area. As billabongs get smaller the ratio of water volume to the area of near-shore 
sediments decreases. Where groundwater exchanges occur, they will be increasingly 
important as the billabongs become smaller (Hamilton and Lewis 1990), and sediment-
water exchanges will also become more important. However, billabong area does not 
affect nitrogen levels or the light environment as billabong depth does. The lower 
potential for sediment resuspension by wind-generated currents (Melack 1984; 
Hamilton and Lewis 1990; Evans 1994), and the changes in chemistry that 
accompanying this, may compensate for the increasing influence of groundwaters and 
sediment-water exchanges. 
Floods do not have unidirectional effects on billabong turbidity, leading either to an 
increase or a decrease in turbidity levels. Since the primary source of floods prior to the 
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September and November trips is the same (table 3.3; cf. Bonetto et al. 1984), a 
difference in the flood waters is implied. O'Donnell et al. (1996) reported on 
measurements of turbidity in floodwaters of the study region made over the same 
period as the billabong survey. They found turbidity levels in the flood water declined 
as the flood season progressed, presumably due to exhaustion of sediment sources in 
the headwaters. The turbidity levels in billabongs following flooding appear to be 
directly related to turbidity levels in the flood waters. 
Seed depths are generally deep after the large October floods, independent of billabong 
depth. This could be due to lower levels of suspended sediments as described above for 
turbidity. However, turbidity levels are still dependent on billabong depth at this time, 
even if the data are restricted to samples for which there are Seed depth readings. This 
suggests that another constituent, such as phytoplankton or gilvin has also been 
flushed by the floods. The lack of these constituents, which absorb light better than 
inorganic suspensoids (Kirk 1994), would affect Seed depth more than turbidity. 
Flushing of phytoplankton by channel flooding has been shown to occur in Ryan's I 
Billabong near Albury (Tan and Shiel 1993; also see Bonetto 1986). Apart from periods 
of flooding, seasonal decreases in billabong depth contribute to patterns of Seed depth. 
3.4.2 Potential for natura 1 disturbance 
The potential for environmental variation to disturb billabong biota undoubtedly varies 
with the particular species in question, so that there is not an absolute level of variation 
above which a disturbance can be said to have occurred. In spite of this, it is necessary 
to consider whether natural environmental variation is likely to cause a disturbance, 
both to help characterise the billabong environment and to generate predictions about 
the impacts of anthropogenic variation in physicochemistry based on concepts of 
disturbance ecology outlined in Chapter 1. Variation in the physicochemistry of 
billabongs due to natural factors is summarised in table 3.14 and considered in this 
section. 
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Table 3.14 Summary of the characteristics of natural temporal variation in billabong physicochemistry 
described in this study. The magnitude of variation is taken from table 3.10. Only annual scale frequency 
in variation was detected by the sampling program in this study but shorter-term variation undoubtedly 
occurs. The duration, predictability and rate of change of natural variation depend on whether the cause 
of variation is a seasonal factor or flooding. 
physico-
chemical agent of predict- rate of 
variable variatiom malmi.tude frequency duration ablitv change 
depth evaporat.ion, 1-3 months at 
(decreasing) ground water annual cycle a given water 
- -1.1 m level high slow 
depth flooding, 
(increasing) ground ± 1/year weeks to 3 
water? - +1.1 m months moderate fast 
DEPTH 
RELATED 
depth 
total N fluctuations -60% as for depth 
depth 
total P fluctuations -150% as for depth 
turbidity and depth - 70-90 % as for depth 
secchi depth fluctuations 
OTHER 
FACTORS 
total P flooding 300% ± l/year 1-3 months moderate moderate? 
turbidity and flooding 50-60 % ± l/year mainly 1 moderate fast 
secchi depth month 
1-2 months 
salinity ground annual cycle at a given high slow 
water? total of salinity level 
-100% 
flooding ± l/year weeks to 3 moderate fast 
months 
pH magnitude of --- --- --- -- ---
only0.3pH 
units 
weeks to3 
currents floods moderate ± l/year months moderate fast 
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Specific considerations 
Depth 
The annual fluctuations in depth in billabongs constitute a significant proportion of 
maximum depth, which is typical of floodplain lakes (e.g. Holden and Green 1960; 
Rogers and Breen 1974; Hamilton and Lewis 1987; Bishop et al. 1990; Carignan et al. 
1994). An important direct effect of fluctuations in depth is the creation of a gradient of 
inundation from the centre of a billabong to its edge (Rea and Ganf 1994). Since most of 
the billabongs surveyed are relatively flat bottomed, changes in depth will strongly 
affect the area of inundation. Fluctuations in depth also have wide reaching indirect 
effects via changes in chemistry and the light environment, as discussed above. 
Replenishment of billabongs by floods is moderately predictable, naturally occurring 
once a year in late winter or spring. Decreasing water depths occur more gradually and 
seasonally, so that they are highly predictable and duration of a general water level is a 
month or more (table 3.14). Most of the unexplained variation in depth is related to 
maximum depths, not temporal factors, so little short-term variation in depth exists 
except that related to flooding. 
Arguably the most important disturbance-related depth variation in billabongs is the 
disappearance of billabongs altogether. In 1992, when precipitation was 400 mm above 
normal (average is about 700 mm), 12 billabongs in the survey had depths of less than 
50 cm at some stage, even ignoring 3 that are ephemeral due to their having a 
maximum depth of about 50 cm. In a dry year, more than a third of the billabongs 
surveyed will dry up completely, especially if evaporation is more important than 
groundwater exchanges for billabong water levels. Obligate aquatic biota will suffer in 
dry periods in the region since a significant proportion of billabongs are ephemeral. 
During periods of drought, replenishment of billabongs by flooding may not occur, 
increasing the number of billabongs that dry up or experience far lower water levels 
than is normal. It is unclear how much groundwater inputs might replenish water 
levels in a non-flood year. Mean annual evaporation is on the order of 1200 to 1500 mm 
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in the field area (table 2.1), which is about the amount that water levels fluctuate in the 
survey. However, the level of the groundwater table also fluctuates by this amount 
(Rex Golding, manager of the Albury Gravel Pit, pers. comm. 1995), and possibility that 
billabongs are groundwater windows cannot be ruled out. 
Therefore, fluctuations in billabong depth are not particularly large but, because the 
billabongs of the region are shallow, even small fluctuations have the potential to cause 
a disturbance. Changes in billabong depth are mainly annual and are relatively 
predictable, with the timing and annual occurrence of floods being the only major 
source of uncertainty. The most susceptible biota to depth related disturbance are 
therefore annual organisms such as aquatic macrophytes. However, it might be 
expected that billabong biota are well adapted to depth fluctuations since they are fairly 
predictable. 
Nutrients 
Fluctuations during the survey in average levels of total nitrogen are low, and of total 
phosphorus are high, but nutrient levels are elevated which makes it unlikely that 
many species will be eliminated directly due to nutrient limitation by either element 
(though see Geddes 1984a). However, some species, for example Azolla filiculiodes (Cary 
and Weerts 1992), prefer very high nutrient levels. The reason for this has not been 
established and may in fact be due to a direct requirement for high nutrient levels. 
Generally, though, it might be expected that increases in nutrients at the elevated base 
levels found in billabongs may lead to periods of an absence of any nitrogen and 
phosphorus limitation whatsoever, and the biota may become limited by other factors 
(e.g. light, carbon source). Therefore, fluctuations in nutrients may lead to reduced 
levels of disturbance from nutrient limitation. 
Fluctuations in concentration occur with annual changes in billabong depth, and with 
flooding, but there is also large amount of shorter term variation. The 'release' from 
nutrient limitation, if it occurs, is therefore important to both short and long-lived biota. 
With respect to phosphorus loads in billabongs, as distinct from concentration, annual 
temporal variation is particularly important. 
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Light environment 
Levels of turbidity and Seed depths are typical for billabongs and shallow lakes (Kirk 
1985; Geddes 1988; Hamilton and Lewis 1987, 1990; Oliver 1990; Carignan and Neiff 
1992), but turbidity levels are high and Seed depths shallow relative to the wider 
spectrum of lakes (Rast et al. 1989). The estimates of average euphotic depth in 
billabongs of the region are between 45 and 185 cm. 
The estimates of euphotic depth made in this study are imprecise (Kirk 1994) but 
demonstrate that euphotic depth is close to the depth of billabongs in the region (mean 
depth is 1.63 m). Any improvement or deterioration of light conditions will affect a 
relatively large proportion of the water column or surface sediments (Carignan and 
Planas 1994). Therefore, even the small fluctuations in turbidity and Seed depth 
observed in this study may have considerable consequences in terms of the proportion 
of the water column affected. 
Rapidly attenuated solar radiation is converted to heat in the upper water layers of 
lakes, promoting the formation of a very shallow epilimnon (Kirk 1985), especially on 
windless days. Even on windy days many billabongs have a limited fetch due to their 
narrow, sinuous shape, and they may protected from prevailing winds by fringing 
trees. The formation of a shallow epilimnon, combined with high summer temperatures 
and high rates of organic matter decomposition (Boon 1990; Sorrell and Boon 1992) may 
lead to deoxygenation of bottom waters, even in shallow billabongs. Exposed billabongs 
are likely to be less affected by this at times of irrigation flows due to inputs of 
oxygenated waters, but the majority of the time billabongs do not receiving 
replenishing flows, especially unregulated and Isolated billabongs. 
Turbidity increases and Seed depths become shallower gradually with seasonally 
falling water levels. The effects of this on the light environment are at least partly 
compensated for, in the case of rooted macrophytes and other bottom dwellers, by a 
decrease in the amount of overlying water to intercept light. However, the combination 
of short days and deteriorating light conditions with low water in winter may affect the 
growth of macrophytes. This variation is highly predictable, making it likely the biota 
are adapted to cope with it. 
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In contrast, the effects of flooding on the light environment are likely to cause 
significant short-term variation. An abrupt increase in billabong depth, and hence the 
amount of water column to attenuate light, might combine with the effects of a 'turbid 
flood' like in September 1992, resulting in a large, previously habitable area of the 
billabong being below the euphotic depth. This, too, occurs at a frequency of greater 
relevance to macrophytes, and is moderately predictable, so that they are probably 
adapted to it. 
Shorter term variation in the light environment also occurs. Periods of poor light 
conditions and deoxygenation will depend partly on short-term and inherently 
unpredictable factors such as the weather (Macintyre and Melack 1984). Thus, species 
with a short lifespan, such as Cladocera, may (indirectly) be susceptible to short-term 
variation in the light environment, for example via effects this may have on algal 
productivity. On the other hand, macrophytes can probably persist through short 
periods of unfavourable light conditions. 
Salinity 
Salinity levels are low in comparison to the wider spectrum of Australian lakes (cf. 
Williams 1967), and probably below levels required to affect macrophyte survivorship 
(cf. James and Hart 1993). The salinity tolerance of most species of Australian Cladocera 
are not well known apart from the occurrence of a few species at moderate salinity 
levels, but the sensitivity of some species might extend to fluctuations in the freshwater 
range (cf. Chengalath 1982). Temporal variation in salinity occurs mainly on an annual 
cycle, and unexplained temporal variation is low, so short-lived species like Cladocera 
are probably well adapted to natural salinity variations if they are affected by them. 
pH and currents during floods 
Variation in pH is minimal, and mainly in the neutral range, and it is doubtful it could 
cause disturbance, apart from very shallow billabongs on hot days. 
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Flood currents were observed during the survey, but not measured, and have a high 
potential for causing a disturbance. Flood currents will flush some planktonic biota 
from billabongs, unless they can find shelter, and introduce others (Shiel 1976). 
Possible regional uniformity in limnology & implications 
It is worthwhile considering whether most billabongs provide fairly similar habitats or 
whether there are a number of distinct types of billabongs, each with a characteristic 
community, forming a mosaic within a region. If a species is eliminated from a 
billabong by a disturbance, can it reinvade from any of the neighbouring billabongs, or 
is the nearest billabong of the same type quite distant from the disturbed billabong? 
Clearly the answer has implications for the recovery of species from a disturbance. 
The data suggest that the physicochemical constraints on billabong limnology are 
uniform across the region (cf. Van der Valk and Bliss 1971). On the 5-10 year scale 
temporal variation predominates over spatial variation in billabongs of the region, as 
demonstrated by the striking similarity in physicochemistry between the 6 to 7 year 
surveys of five billabongs near Albury (Hillman 1986, Boon et al. 1990), and the 15 
month survey of 43 billabongs over -300 km of floodplain and 3 rivers presented here. 
The maximum and minimum values of physicochemical variables encountered in this 
survey are quite similar to those found in the more spatially restricted studies of 
Hillman and Boon et al., and the mean values in all 3 studies are also quite close. 
Differences in billabong depth appear to be the most important spatial factor affecting 
physicochemistry in the region. The billabongs from the Ovens and Murray Rivers only 
differ in their major ion chemistry for the variables investigated. The contrasting 
vegetative cover in billabongs raises the possibility that differences in basic conditions 
occur, but of the variables measured, even macrophyte-rich billabongs only differ 
significantly from macrophyte-poor billabongs in having better light penetration, and 
this is as likely an effect of vegetation (Scheffer et al. 1993; Chapter 7) as a cause of the 
pattern of vegetative cover. 
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In the longer term, then, the effects of drought on depth fluctuations mean that every 
billabong experiences significant temporal variations in depth, and the permanence of 
many billabongs is also affected. The similarities in physicochemistry between the 
surveys reported by Hillman, Boon et al., and in this chapter are because 
• depth fluctuations largely determine billabong physicochemistry, 
• the 6 to 7 year billabong surveys incorporated a drought year (the same one, in 
fact, 1982), and 
• the results in this chapter are for billabongs that vary widely in depth 
The reason that the average temporal variation in physicochemistry during the survey 
(table 3.12) is less than the spatial variation probably relates to the subdued depth 
variation during the survey compared to what might be found entering a drought. The 
effects on physicochemistry of temporal variations in depth may predominate over 
spatial variation in other factors affecting physicochemistry, and since the temporal 
variations occur regionally, due to droughts, this means that, with respect to 
physicochemistry, the limnology of billabongs in the region appears to be uniform. 
These data highlight the predominant effects of drought on billabong limnology at the 
decadal time scale. 
This has three important implications for the disturbance ecology of billabongs. First, 
the recolonisation of billabongs following a disturbance is facilitated by there being 
similar habitat, presumably supporting like communities, nearby. Second, once a 
depth-related disturbance has subsided, the billabong returns to its prior condition. 
This is quite different to other types of disturbance where the state of the ecosystem is 
changed, for example a landslide on a steep slope, where the soil is often washed away, 
or a forest fire, where a substantial store of nutrients may be lost from the ecosystem 
(Walker et al. 1986). However, all of the natural disturbances in southeast Murray Basin 
billabongs appear to be of the pulse variety, as defined by Yount and Niemi (1990). 
Third, the regional uniformity in billabong limnology suggested by the 
physicochemical data may have another important implication for land use impacts. It 
seems logical that a heterogeneous billabong ecosystem, harbouring a number of 
specialist communities adapted to a relatively narrow physicochemical range, is more 
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likely to suffer an anthropogenic impact than a homogeneous ecosystem, especially 
from regional agents, by virtue of the greater number of ways it is vulnerable. In such a 
system, changes introduced by farming or regulation (e.g. pulses of phosphorus in 
runoff) are bound to affect one or several of the types of billabongs and their specialist 
communities. Conversely, when a disturbance occurs in the homogeneous billabong 
ecosystem, the impacts are likely to be more widespread than occurs in the 
heterogeneous ecosystem since so many of the billabongs have the same limnology. If 
the changes to the ecosystem are 'new' enough or great enough to affect the biota (Poff 
and Ward 1990), then they will probably affect a large portion of the ecosystem since 
most billabongs are alike in their physicochemistry. 
Significance of natural variation for anthropogenic impacts 
General characteristics of natural variation 
A hypothesis of disturbance ecology (Chapter 1) is that natural environmental variation 
great enough to cause a disturbance, but that is predictable or gradual, promotes the 
development of adaptations in the biota to either survive the disturbance or reinvade 
afterwards (Sparks et al. 1990). Furthermore, if anthropogenic environmental variation 
mimics the natural variation then the biota will be able to cope with it; the biota will be 
preadapted to the anthropogenic variation (Poff and Ward 1990). Conversely, 
anthropogenic variation differing from natural variation is more likely to cause a 
disturbance in the biota that may be poorly adapted to reinvasion. Thus the general 
nature of physicochemical variation in billabongs may partly determine the impacts of 
farming and river regulation. 
Most of the annual scale variation in billabong limnology described in this study is 
predictable, increasing the likelihood that long-lived biota have evolved mechanisms to 
survive it (cf. Sparks et al. 1990). Moreover, the variation occurring with seasons and 
decreasing billabong depth is gradual; such 'graded changes' (Sparks et al. 1990) might 
allow the biota anticipate the disturbance and survive it, for example in Cladocera by 
the production · of resistant ephippia. In this respect the ecology of billabongs is 
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probably no different to lakes where seasonal ice cover occurs, or forests in the wet/ dry 
tropics. Possibly counterbalancing this, flooding and fluctuations in depth have 
widespread occurrence decreasing the availability of refuges (cf. Niemi et al. 1990). 
Relevance of data to Cladocera 
The data are less suited to revealing variability that would affect short-lived biota such 
as Cladocera. Most of the variation described in this study occurs gradually relative to 
the lifespan of a cladoceran, or for a limited duration, leaving a substantial part of the 
year for reproduction to take place. At least several generations are likely to pass before 
unfavourable conditions return. Importantly, though, unfavourable conditions occur 
predicability, enhancing the likelihood short-lived biota have evolved adaptations to 
deal with longer than normal unfavourable phases accompanying droughts. 
However, short term cycles or events undoubtedly occur that may have ramifications 
for short-lived biota. Periods of poor light conditions and deoxygenation described 
above will depend partly on short-term and inherently unpredictable factors such as 
the weather. Other potentially important variation is known to occur. For example, 
Boon (1990) describes a sequence of variation in biota and chemistry that followed a 
phytoplankton bloom. Bacterial numbers increased to extremely high concentrations 
with the phytoplankton, followed by aminopeptidase exoenzyme activity, total 
dissolved primary amines (all 3 month peaks), and 3 months later a 1 month peak in 
ammonium. The phytoplankton bloom was preceded by a 1 month peak in total 
phosphorus. These more short-term patterns are quite marked and suggest a high 
potential for disturbance in short-lived biota. 
All of the relationships of physicochemistry with depth take the form power curves. If 
the biota respond strongly to physicochemistry expressed on the linear scale, then 
billabongs that experience a shallow water phase will be the most naturally disturbed, 
and a number of deep-water billabong refuges will exist. If the biota respond to log 
variation in physicochemistry, then depth-related natural disturbance may be more 
widespread. 
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Effects of catastrophic events 
The preceding discussion is based on data from less than a decade of observations. It is 
conceivable that infrequent, catastrophic variation occurs in billabongs, for instance 
related to exceptional flood events (e.g. Olive et al. 1995). Such events may strongly 
influence billabong limnology, for example by resetting billabong depth, depositing 
sediments with a distinctive phosphorus exchange capacity from a specific region of the 
catchment, or by ensuring that only generalist, r-selected species (Begon et al. 1986) are 
able to occupy the system in the longer term. This possibility can not be evaluated in 
this part of the study, but is returned to in Chapters 6 and 7. 
3.4.3 Anthropogenic impacts on physicochemistry 
Levels of total nitrogen, turbidity and Secci depth appear to be unaffected by either 
farming or river regulation in the data reported here. Variation in these factors 
therefore appears to be entirely dominated by natural factors. 
Impacts on depth 
Effects of confounding 
Farmed billabongs on regulated floodplain are on average 140 cm shallower than 
Nonfarm billabongs. There is little or no difference in the depth of billabongs on 
nonregulated floodplain that can be explained by farming. This suggests that farming is 
not a significant cause of billabong shallowing. 
The subset of Isolated billabongs that are Farm are mainly found on sections of 
floodplain that are slightly elevated (Chapter 2). Therefore, at least part of the reason 
Isolated/Farm are shallower than Isolated/Nonfarm billabongs is due to age. Farmed 
billabongs are located on higher sections of floodplain that flood less frequently and 
provide more accessible pasture. These elevated sections of floodplain are older 
(Chapter 2), and their depressions have had a longer time to fill with sediment. 
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Exposed channels have the closest connections with the present day river and appear to 
be the deepest billabongs, although this group is variable and was the least sampled. 
This may be due to greater scouring by sediment starved floodwaters below the Hume 
Dam (Rutherfurd 1991) or due to the billabongs being the youngest and, therefore, 
deepest in the survey. It is difficult to disentangle effects of regulation on depth from 
their location and age. 
Effects of regulation 
The effects of regulation on short term fluctuations in billabong depth are greater than 
effects due to natural variation. The frequency, rapidity and magnitude of water level 
fluctuations is noticeably higher in Exposed billabongs than other billabongs in the 
survey, especially those with better surface or subsurface connections to the river (e.g. 
billabongs 12, 14, 16). The survey measurements were not performed frequently 
enough to adequately emphasise this feature, but it was apparent from personal 
observations on numerous other occasions. Lower lying billabongs on regulated 
floodplain are affected by small summer floods from irrigation flows, and have shorter 
flood flows in late winter during water storage (cf. Baker and Wright 1978; Jacobs 1990; 
Close 1990). The increasing water depth seen in March 1992, followed by an abrupt 
drop in depth in May, is typical of irrigation flows. With the abundant rainfall and 
flooding in the survey period, the typical pattern of water level fluctuations is in 
Exposed billabongs is somewhat muted. In contrast, little natural variation in billabong 
depth is attributable to short-term factors. 
In the longer term, by decreasing the frequency of minor floods on the Murray below 
the Hume Dam (Chapter 2), regulation has removed a potential source of disturbance, 
flooding, for Isolated billabongs. However, since many Isolated billabongs will miss out 
on flooding in drier periods, regulation decreases the permanency of Isolated billabongs, 
especially if billabongs are not groundwater windows, which is arguably a more 
profound impact than the removal of flood disturbance. 
The effect of reduced minor flooding was less apparent in the physicochemistry than 
would have been had the sampling been carried out in many of the 15 years prior to the 
108 
study. On the regulated Murray, only 2 flood peaks between 1976 and 1989 matched 
the flood peaks in the two years preceding the survey (especially 1990) and during the 
survey in 1992 (Murray Darling Basin Commission flow records). River regulation 
indirectly affects billabong chemistry and light conditions via effects on billabong 
depth, since much of the variation in these variables has been shown to be related to 
changes in billabong depth. Had the survey been carried out in a drier phase, the 
physicochemistry of Isolated billabongs would have been far more distinguishable from 
Exposed and Unregulated billabongs than was the case. 
Although regulation affects the depth and permanence of billabongs, annual depth 
fluctuations occur naturally. Therefore, the billabong biota may be preadapted to such 
variation, as hypothesised by Poff and Ward (1990) for lotic biota. However, the 
changing frequency and seasonality of floods (Chapter 2), and therefore fluctuations in 
depth, is variation that is 'new' to billabong limnology (Walker and Hillman 1977; 
Hillman 1986; cf. Sparks et al. 1990), assuming that the present day climatic regime has 
extended into the recent past, and the biota may not possess adaptations to deal with it. 
Impacts on phosphorus 
Effects of confounding 
West Km is not a surrogate for the effects of farming on phosphorus, so distance 
downriver is less important than farming for explaining variation. Furthermore, the 
effects of farming are consistent across the study .area; they are the same for all reaches 
within the classifications. The patterns observed are also not due to confounding of 
land use with age-elevation and its implications for billabong depth, since the effects of 
billabong depth on physicochemistry are taken into account in modelling. Therefore, 
there are no indications that the effects of farming on phosphorus are due to 
confounding factors. 
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Effects of farming 
The total phosphorus concentration in billabongs near farms has increased by at least 
0.05 mg/I. The uncertainty lies in how pristine the control billabongs are. This increase 
represents about 50-100% of the threshold concentration for problematic algal blooms 
according to OECD and Australian estimates (Rast et al. 1989; ANZECC 1992) although 
the percentage of this increase in total phosphorus that is bioavailable is not determined 
in this study. 
More importantly, the variation in phosphorus with farming is fairly minor in 
comparison to natural variation, although the farm impact differs from the natural 
variation in being a press disturbance, creating a new elevated nutrient state. The biota 
are therefore naturally exposed to strong phosphorus variation and must possess 
adaptations to survive it or the consequences of it (such as varying algal biomass). The 
adaptations of the biota to regular large-scale pulse variations in phosphorus may 
render them 'preadapted' (Poff and Ward 1990) to the smaller press variation in 
phosphorus due to farming. 
Impacts on salinity 
Effects of confounding 
When West Km is substituted for farming in REML models for salinity it explains 
nearly as much variation as farming, although West Km is never significant (p = .05) 
when farming or regulation are included the models. It was suggested above that the 
east-west variation in the major ion balance may be due to the influence of the Ovens 
River. However, this does not explain the salinity patterns. Salinity is generally higher 
in the Ovens River than the Murray River (Walker and Hillman 1977) so that billabongs 
in the west of the study region, where the concentration of Nonfarm billabongs is 
greater, should have higher salinity, but the opposite is found. Therefore, pattern of 
salinity is probably attributable to farming, although the effects are complex and a 
mechanism is not apparent. 
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Effects of farming and regulation 
The impacts of both regulation and farming on salinity are the same magnitude as 
natural variation. Neither regulation nor farming create salinity levels that could be 
considered novel for the ecosystem. As already discussed, the importance of salinity 
variation in the freshwater range are probably small for macrophytes, but may be 
important for Cladocera. 
Type of disturbance 
Both farming and regulation are press disturbances (as defined by Yount and Niemi 
1990) for all affected variables except major ion chemistry, where their effects are not 
apparent on some sampling trips. 
3.4.4 Conclusions 
The main conclusions about the present day patterns of physicochemistry of billabongs 
in the southeast Murray Basin are: 
1) Natural variations in depth, nutrients, turbidity, and Secci depth are great enough to 
potentially disturb biota. Natural variation in nutrients may lead to a 'release' of the 
biota from nutrient limitation. 
2) Natural variation in pH and salinity is unlikely to cause disturbance in the biota. pH 
variations are slight, and salinity variations are fairly minor and predicable. 
3) The limnology of the billabongs across the region appears to be fairly uniform with 
respect to the physicochemical variables examined, being determined by billabong 
depth, which fluctuates widely, and other temporal variation, rather than being 
determined by factors with a large amount of spatial heterogeneity. 
4) The predominance of temporal variation in billabong limnology increases the 
likelihood that the biota are preadapted to anthropogenic disturbance. However, if 
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anthropogenic changes cause a disturbance, it is likely to be widespread due to the 
uniformity in billabong limnology and regional extent of farming and regulation. 
5) The uniformity in billabong limnological conditions suggests that natural 
disturbance in billabongs is of the pulse variety. 
6) Farming does not appear to affect the regional physicochemistry of billabongs 
greatly compared to natural factors, except for slightly elevated salinity in billabongs on 
farms. The effects of farming on salinity mimic natural variation. Minor effects of 
farming on phosphorus are also evident. 
7) Regulation directly impacts billabong depth, both in terms of depth fluctuations and 
billabong permanence. Short-term depth fluctuations are greater than what is found 
naturally. 
8) The direct effects of regulation on billabong flood frequency and seasonality are 
'new' to the ecosystem, at least for the current climatic regime. 
9) The indirect effects of regulation on billabong physicochemistry are bound to be 
quite high relative to natural factors, because of the importance of depth to billabong 
limnology. Most of the indirect effects of regulation 'mimic' natural variation. 
Given the widespread and intense nature of farming and river regulation, their impacts 
on billabong physicochemistry seem small. This may be the result of: 
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•the effects of another regional anthropogenic factor, such as the introduction of 
carp, which is discussed later (Chapters 6 & 7) predominates the limnology of 
billabongs, obscuring the impacts of farming in river regulation on these factors; 
• the lack of balance in the data has reduced the power of the analysis to detect 
differences between different levels of farming or river regulation. 
• the effects of farming and river regulation are so widespread as to impact all 
billabongs equally, and are therefore undetectable from present-day patterns. 
This possibility is explored in Chapter 5. 
Having established some present day patterns of physicochemistry associated with 
natural factors, farming and river regulation, it is now possible to investigate the 
question of whether there is evidence for disturbance of communities of Cladocera and 
aquatic macrophytes in Chapter 4. 
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Contrast on the upper Murray: billabongs 9 (bottom) and 7a (top). 
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Chapter 4 Present day Cladocera and aquatic 
macrophytes 
4.1 Introduction 
It was established in Chapter 3 that for a number of physicochemical parameters of 
billabongs natural spatial and bimonthly temporal variation is generally high relative to 
patterns directly attributable to farming and river regulation. A notable exception is the 
effects of river regulation on billabong depth (Chapter 3) and flood frequency (Chapter 
2) which are as great or greater than natural variation. However, river regulation has 
even larger indirect effects on physicochemistry since it was demonstrated that 
billabong depth strongly influences other physicochemical parameters. The 
physicochemical evidence therefore suggests that river regulation is more likely than 
farming to create a disturbance in the biota. 
In this chapter, the effects of farming and river regulation on spatial and temporal 
patterns of aquatic macrophyte cover, and on spatial patterns in the composition of 
cladoceran assemblages, are evaluated and then considered with reference to the issue 
of disturbance. The focus of this chapter is on modem biota, and it is therefore 
assumed, as in Chapter 3, that there is no impact of land use on control billabongs. This 
assumption is evaluated in Chapter 6. 
The basis for evaluating historic changes in the ecology of billabongs, in Chapter 6, is 
also provided in this chapter. The predominance of remains of chydorid and bosminid 
Cladocera in bottom sediments, expressed as percentage of chydorids, is often used in 
palaeolimnology as an index of the relative influence of the limnetic (planktonic) and 
littoral macrophyte zones of a lake (e.g. Whiteside 1970; Korhola 1992; Hann and 
Karrow 1993; Manca and Comoli 1995). This is based on cladoceran ecology; Bosmina 
are truly planktonic while chydorids generally live in the littoral zone in sediments and 
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on the surface of aquatic macrophytes (Frey 1986). In this chapter, the validity of this 
index for tracing macrophyte cover in billabongs is tested. 
4.2 Methods 
4.2.1 Analyses performed 
The effects of farming and river regulation on macrophytes and Cladocera are 
evaluated by using statistical models, and by considering confounding factors. The 
macrophyte data are observations made during the limnological survey (Chapter 3). 
The cladoceran data are assemblages of cladoceran skeletal remains recovered from the 
surface sediments of billabongs. Therefore, in the case of the Cladocera, the influence of 
taphonomy (the post-mortem history of the assemblage) on the Cladocera-farming or 
Cladocera-regulation relationship must also be considered. 
Farming and river regulation are multifaceted activities. For significant relationships 
between farming or regulation and the biota, an indication of the mechanism 
underlying the relationship is gained by testing if physicochemical variables affected by 
farming or regulation (Chapter 3) better explain the variation than does farming or 
regulation. 
The validity of using the percentage of chydorids as an index of macrophyte coverage 
in billabongs is evaluated by comparing the percentage of chydorids in surface 
sediment cladoceran assemblages with average aquatic plant cover in the limnological 
survey. Furthermore, qualitative samples of living Cladocera from the limnetic and 
littoral zones, especially littoral macrophytes, are examined for their composition. 
Particular attention is paid to the relative abundances of Bosmina and chydorids. The 
presence of Daphnia and other large-bodied Cladocera is noted for discussion in later 
chapters about the balance of algae and macrophytes in billabongs and the influence of 
fish predation. 
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4.2.2 Cladocera--living communities 
The species composition of living Cladocera from 60 limnetic samples and 55 littoral 
zone samples were analysed. Qualitative sampling of Cladocera in the water column of 
the littoral macrophyte and limnetic zones, and to a lesser extent, surface sediments of 
the profundal zone and biofilms on plants and sticks, were carried out during daytime 
visits to billabongs in the limnological survey and independently in February 1992. 
Plankton nets of 60 micron mesh were used to sample both the littoral and limnetic 
zones. In the limnetic zone nets were thrown 5-10 m from the boat, allowed to sink to 
close to the bottom, and a sample collected by pulling the nets back obliquely through 
the water column. 
As with limnetic samples, littoral macrophyte zone sampling was qualitative. No effort 
was made to sample different patches of macrophyte beds, nor was every macrophyte 
species sampled. The plankton nets were dragged through vegetation in two spots for a 
meter or two until the nets began to fill with plant and epiphytic matter (i.e. the 
samples were pooled). Scrapes of the surface of several plants were added to the littoral 
zone net samples. 
Additional sampling was made of the mud and biofilms on sticks. Mud samples were 
taken on occasion, especially at the start of the limnological survey, but yielded few 
Cladocera. Biofilms on sticks were collected occasionally but the Cladocera collected 
from sticks were mainly used for taxonomic purposes. 
Cladocera were identified to genus level for the Daphnidae, Bosminidae, and to family 
level for Sididae, Moinidae, Macrothricidae and Chydoridae. To improve counting 
efficiency, Pseudomoina (Macrothricidae) was not differentiated from the Moinidae, so 
that two groups are recognised: Moinidae/Pseudomoina and other Macrothricidae. The 
presence or abundance of copepods and other common invertebrates was determined. 
For limnetic samples, 100 zooplankton were counted, and the presence of taxa not 
represented in the 100 counts was noted. Rotifers were not included in this analysis. For 
littoral macrophyte samples, the presence of cladoceran species or families and other 
taxa was recorded, along with a visual estimate of relative abundance. 
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4.2.3 Cladocera--assemb lages of remains 
Sediment sampling 
Forty-three billabongs were sampled once for their surface sediment assemblages of 
cladoceran skeletal remains. This survey included all of the billabongs in the 
lirnnological study except numbers 24, 39, 40 and 41, because access was prevented. 
Four additional billabongs were sampled for surface assemblages: Ryan's I and II 
billabongs, which have been extensively studied (Hillman 1986; Boon et al. 1990; 
locations in Appendix figure A2.l), and Hogan's and Toke billabongs, which were also 
cored (Chapter 7; Appendix figure A2.l). 
Field sampling was carried out after the completion of the limnological survey between 
August and November 1993. A flood in September to October interrupted the sampling 
so that 23 billabongs in the limnological survey, Hogan's, Toke, Ryan's I and Ryan's II 
, billabongs were sampled before the flood event and the remaining 15 billabongs from 
the limnological survey were sampled after the flood. The Ovens River billabongs were 
all sampled after the flood. It is assumed that the assemblages collected following 
flooding still reflect the limnology measured before the onset of floods. 
Surface sediment samples were collected using a gravity corer. The basic components 
of the corer are a heavy brass carriage with attachments for a core barrel on the bottom 
and a float on the top to keep the corer upright as it descends through the water 
column. Once the corer is driven into the sediment, the top of the core barrel is 
stoppered by a rubber bung activated by a messenger. The corer is then recovered, the 
core barrel detached and a flanged plug placed in the bottom of the core barrel. The 
sediment core is extruded from the top of the core barrel with a hydraulic pump 
utilising the bottom plug as a piston. In this way, it was possible to sample precise 
depths of the sediment core. The surface of the sediments is relatively undisturbed 
using this method, with delicate structures such as worm tubes being preserved at the 
sediment-water interface. 
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Three cores were recovered from the profundal zone of each billabong and 
corresponding depths in the sediment column (e.g. 0-1cm,1-2 cm, 5-6 cm) pooled. The 
sediments from 0-1 cm depth were processed first for cladoceran remains. Cladocera 
remains at 0-1 cm were too sparse in 6 billabongs, so the samples at a depth of 1-2 cm or 
5-6 cm were processed until a sample with adequate concentration of remains was 
obtained. 
Extraction and identification of skeletal remains 
Methods for the extraction of cladoceran remains preserved in sediments are described 
in Appendix 1, and remains were identified using the reference collection also 
illustrated in Appendix 1. Only headshields of the Chydoridae and Bosminidae were 
identified to species. Carapaces of Chydoridae and Bosminidae were identified to 
family level. Headshields of Macrothricidae and Daphnia ephippia were also counted. 
Species relative abundance was based only on headshields. 
Usually about 100 individuals, represented by 250-300 remains (a headshield and 
carapace or 2 carapace halves), of the families Chydoridae and Bosminidae were 
counted per sample. Some samples had sparse chydorid remains, and these set a lower 
limit for enumerating chydorid species assemblages. A minimum of 50 chydorid 
headshields were counted for species assemblage comparisons. 
Headshields and carapaces were commonly fragmented. If the fragments were 
substantial (between a third and two thirds of the complete remain) they were counted 
as a half headshield or carapace. Fragments greater than two thirds the size of the 
complete remain were counted as whole. Fragments smaller than one third size were 
not normally counted. 
4.2.4 Taphonomy 
An indication of the degree of taphonomic alteration of the assemblages was obtained 
from three estimates. First, percent fragmentation of Bosmina headshields was 
calculated as #half headshields*lOO/(#half headshields + #whole headshields). 
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Chydorid headshields were not recorded in a manner that expedites collation of total 
fragments, so percent fragmentation was not analysed for chydorids. Second, 
equivalent calculations were made for the disarticulation of bivalved Bosmina carapaces 
and chydorid carapaces into separate halves. Third, since cladoceran skeletons are 
composed of one headshield and one carapace, the expected ratio of headshields to 
carapaces is one, and substantial deviance from this skeletal ratio is due to taphonomic 
processes (or bias in sample preparation and counting). The percent of headshields was 
calculated for this analysis. 
4.2.5 Aquatic macrophytes 
Macrophyte cover was visually estimated when billabongs were visited in the 
limnological survey (Chapter 3). Five classes of cover were distinguished: 0-5%, 5-25%, 
25-50%, 50-75% and 75-100%. The 0-5% class was included to distinguish absence or 
near absence from the other cover classes; i.e. the ecological importance of absence is as 
important as distinguishing between different classes of presence. For the comparisons 
of macrophyte coverage with the percentage of chydorids, average coverage cover for 
the sampling period was calculated for each billabong using the mid-points of the cover 
classes (i.e. 2.5, 15.5, 38, 63 and 88%). 
4.2.6 Data reduction and assemblage descriptors 
Cladoceran assemblage data are multivariate and needed to be reduced to a univariate 
measure to be tested for their relationship with farming and regulation using linear 
models. Data reduction using Principal Coordinates Analysis did not significantly 
reduce the dimensionality of the data. Several descriptive indices of the cladoceran 
assemblages were used as univariate dependent variables for the purposes of 
modelling. 
Assemblage species richness (number of species = S), Shannon diversity and 
equitability (Begon et.al. 1986) were calculated using the following formulae: 
diversity= H = -2: Pi · Ln Pi for i = 1 to S, and 
120 
equitability = H/Ln S 
The size of the limnetic assemblages was also noted. The ranking by size into 'large', 
'small' or 'mixed' was based on a visual estimate of the relative amount of biomass 
small and large species contribute. 
4.2.7 Percentage chydor ids (littoral macrophyte index) 
The littoral macrophyte index is expressed as the percentage of chydorids: 
# Chydorids x 100 
(#Bosmina + # Chydorids) 
Using the chydorid abundance in the numerator has the advantage of making the index 
positively related to the cover of macrophytes, which is estimated in this study. 
4.2.8 Modelling and statistics 
Generalised linear mixed models (McCullagh and Nelder 1989) were used to estimate 
the effects of farming and river regulation on species abundance and cladoceran 
assemblage measures. For uniformity, headshield assemblages were restricted to the 
first 50 headshields encountered since remains in some samples are sparse, and variable 
assemblage size would affect species abundance, presence/ absence, and other 
assemblage descriptors. 
Three types of models were used depending on the data (McCullagh and Nelder 1989). 
Cladoceran assemblage indices (diversity, richness, equitability, %chydorids) and plant 
cover estimates were assumed to be normally distributed and are modelled 
untransformed. For cladoceran species that were not only present in most samples but 
are reasonably abundant, species abundance is assumed to be Poisson distributed and 
was modelled using a log link function. For less common cladoceran species that were 
absent from a number of samples, presence/ absence was modelled assuming the data 
are binomially distributed using a logit link function. 
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Statistical significance was determined by comparing two models: a full model and one 
minus the independent variable being tested. Either the change in deviance 
(presence/absence data) or the variance ratio (species abundance, assemblage indices) 
between the competing models was calculated. Probability was estimated using chi-
square statistic for the change in deviance and F-probability for the variance ratio. 
The relationship of farming, river regulation or the interaction of farming and 
regulation to the biota was first modelled. If a significant relationship was found, then 
physicochemical variables that the land use factor also affects (Chapter 3) were run in 
competition with the land use factor to see if they better explained variation in the 
biota. For farming, the physicochemical variables were billabong depth, ln phosphorus 
and ln salinity. For river regulation, the competing terms were billabong depth and ln 
salinity. The physicochemical variables used as competing terms were either the 
minimum, mean or maximum value found in each billabong in the limnological survey. 
Physicochemical model terms were combined according to their relationship as 
established in Chapter 3, e.g. minimum depth with maximum phosphorus and salinity, 
or mean depth with mean phosphorus etc .. 
Assumptions about the distribution of the data (Chapter 3; McCullagh and Nelder 
1989) were evaluated by examining 3 scatter plots: a plot of the residual variation 
versus fitted values, a plot of the residual variation versus the normal distribution, and 
a plot of Cook's statistic versus observations. Outliers are treated as they were in 
Chapter 3, although no data transformations are performed. 
Significant relationships of the biota with farming or regulation were not further 
evaluated by river reach, as in Chapter 3, because of the smaller size of the data set. 
For the relationship of aquatic macrophyte cover to farming and river regulation only, 
modelling was also carried out for the data at the trip level (i.e. not averaged over trips, 
as for the comparison with the percentage of chydorids). This was done in the same 
manner as for physicochemical variables in Chapter 3. 
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4.3 Results 
4.3.l Lirnnetic and littoral macrophyte community samples 
The samples counted are from all but 4 billabongs in the limnological survey, and 
samples were recovered in February, March, May, September and November 1992 and 
January 1993. The taxa found in each billabong are listed in Appendix table A4.l. 
Limnetic 
The limnetic samples are numerically dominated by copepods (79%; table 4.1). The next 
most numerous zooplankter is Bosmina (6%), followed by members of Sididae, Daphnia, 
Simocephalus, Ceriodaphnia, Scapholeberis, Moinidae (and Pseudomoina), other 
Macrothricidae, Chydoridae, and Ostracoda, all around 1-2% relative abundance. Atyid 
larvae (identification by John Hawking) are also sometimes encountered (0.2% 
abundance). 
Taxa differ not only in their abundance in samples but also in the proportion of samples 
in which they occur. Copepods are present in all limnetic samples (table 4.1), and 
Bosmina, Ceriodaphnia and Moinidae or Pseudomoina are commonly encountered in the 
limnetic samples. Many of the zooplankton species are only present in a few samples, 
but when present are abundant. This is especially so for Scapholeberis and Ostracoda, 
and to a lesser extent for Daphnia, Macrothricids besides Pseudomoina, Chydoridae, and 
Sididae. Daphnia ephippia are found in only one sample. 
The limnetic samples are mainly composed of small zooplankton ( <1 mm). Fifty of 60 
limnetic samples are dominantly small zooplankton (Appendix table A4.l), compared 
to 3 I 60 dominantly large zooplankton, and 6 I 60 that are mixed (one observation was 
not made). The largest zooplankton are Daphnia (up to -5 mm), the atyid larvae (- 5 
mm) and Simocephalus (-2 mm), although one sample is rated large because of 
exceptionally large copepods. Many more limnetic samples were taken than were 
counted; qualitatively, the pattern of size of zooplankton became quite clear from 
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Table 4.1 The abundance of zooplankton in limnetic community samples. 
LIMNETIC mean relative 
number of samples abundance (%) for mean relative 
(out of 60) samples in which abundance (%) 
tax on taxon is present taxon is present fu all samples 
Copepoda 60 79 78.9 
Bosminidae 26 13 5.5 
Sididae 11 12 2.2 
Daphnia 9 15 2.2 
Moinidae/ Pseudomoina 16 8 2.1 
Chydoridae 9 12 1.9 
other Macrothricidae 8 14 1.9 
Ostracoda 6 22 1.9 
Ceriodaphnia 20 5 1.5 
Scapholeberis 2 29 LO 
Simocephalus 11 5 0.9 
Atyidae larvae 10 1 0.2 
Table 4.2 The abundance ofepifauna and zooplankton in littoral macrophyte community samples. 
LITTORAL visual estim 
MACROPHYI'E 
number of 
samples 
tax on (out of 55) uncommon common abundant 
taxon is present 
Chydoridae 47 9 22 16 
Copepoda 41 14 17 10 
Simocephalus 39 11 19 9 
Ostracoda 31 22 7 2 
Bosminidae 5 1 2 2 
Ceriodaphnia 6 4 2 
Scapholeberis 6 4 1 1 
Moinidae/ Pseudomoina 4 1 1 2 
other Macrothricidae 3 2 1 
Daphnia 2 1 1 
Atyidae larvae 2 2 
Conchostraca 1 1 
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inspection of samples as they were collected. Most of the billabongs in the region have 
small zooplankton, and where large zooplankton (mainly Daphnia) dominate, the 
billabongs usually are shallow and/ or extreme in some other aspect of 
physicochemistry. 
Littoral macrophyte 
Copepods are also an important element of the littoral macrophyte invertebrate 
samples (table 4.2), but are eclipsed in abundance by the Chydoridae. -Simocephalus and 
Ostracoda join these taxa as the most abundant littoral macrophyte invertebrates. 
Chydorids are present in 47 of 55 littoral macrophyte samples, compared to 41 for 
copepods, 39 for Simocephalus, and 31 for ostracods. Chydorids also tend to be 
numerous when present. In 38 of 47 samples with chydorids they are either common or 
abundant, compared to 27 I 41 for copepods, 28/39 for Simocephalus, and 9 /31 for 
ostracods. 
Bosmina are only present in 5 littoral macrophyte samples, but are common or abundant 
in 4 of those. Daphnia are less common in the littoral macrophyte samples (2 out of 55) 
than in the limnetic samples (9 out of 60). Only two littoral macrophyte samples contain 
Daphnia ephippia. No Sididae are recorded, but the remaining zooplankton taxa have 
about the same relative abundance in the littoral macrophyte as the limnetic samples. A 
single conchostracan is recorded from the littoral macrophyte samples, and they were 
also occasionally encountered in slackwater areas of floods. Only one notostracan was 
encountered, but it was not in the samples enumerated. 
4.3.2 Composition of (sub )fossil assemblages 
Cladoceran taxa with remains preserved in surface sediments are presented in table 4.3. 
In all 9820 whole remains (halves are divided by 2) are identified to family from 43 
surface assemblages. One assemblage, from billabong 10, has almost no cladoceran 
remains, and billabong 7a has only 58 whole remains in the preparation of ~ 10 ml of 
sediment. Of the remaining 42 samples, 100-200 remains are counted for 13 samples, 
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Table 4.3 Summary of cladoceran remains preserved in the surface sediments of billabongs. Taxonomic 
uncertainties are discussed in Appendix 1. 
% of total %of 
tax on remains family tax on 
CHYDORIDAE 47.1 
Graptoleberis testudinaria 
Alona (undifferentiated) 23.3 Kurzia cf latissima 
Alona cf costataa 0.1 Leydigia acanthocercoides 
Alona cf diaphana 0.6 Leydigia leydigi 
Alona cf puchella 0.2 Monope or Ephemeroporus 
Alona quadrangularis 1.7 Oxyurella sp. 
Alona sp. 1 0.3 Pleuroxus inermis 
Alona sp. 2 0.2 Pseudochydorus globosus 
Alonella excisa 1.7 Rak or Chydorus 
Biapertura (undiffer.) 17.5 Saycia cookib 
Biapertura affinis 1.5 Unknown genus or 4-
porate 
Biapertura karua 0.4 mutants of Alona 
Biapertura setigera 0.8 
Biapertura sp. 1 0.8 BOSMINIDAE 
Biapertura sp. 2 0.3 
Biapertura sp. 3 0.04 Bosmina meridionalis 
Biapertura sp. 5 0.3 Bosmina male 
Bosminopsis 
Biapertura sp. 6 0.1 
Biapertura sp. 7 0.4 MACROTHRICIDAE 
Camptocercus australis 0.7 
Chydorus (undifferentiated) 36.0 several species (undiffer.) 
Daydaya macrops 0.3 
Dunhevedia crassa 0.6 DAPHNIDAE 
Ephemeroporus complex 2 2.8 
Rak/Ephemeroporus c'plex 1 0.04 ephippia 
a taxonomy uncertain; may be Biapertura setigura (see Appendix 1) 
b only live specimens encountered 
or 
% of total % of 
remains family 
52.4 
0.5 
2.7 
0.3 
0.6 
1.1 
0.4 
0.04 
2.1 
0.2 
0.04 
0 
0.1 
99.5 
0.5 
and 200-350 for 29 samples. Of the headshields, 2573 Bosminidae and 2527 Chydoridae 
are identified to species. 
The full surface assemblages of headshields contain about equal numbers of 
Bosminidae and Chydoridae (table 4.3; results by billabong in Appendix table Al.3). 
The Macrothricidae are only a minor component (0.5%). No headshields of other 
families of Cladocera are present, although daphnid ephippia are found in about 30% 
of the assemblages. The Bosminidae are represented by one certain species, and up to 2 
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others (table 4.3; Appendix 1). The Chydoridae are composed of 33 species, although 
due to difficulties in distinguishing some groups of species by their headshields, this 
number is probably an underestimate (table 4.3: 'undifferentiated' species have 
unremarkable headshields with features that only allow for placement into genus; a 
'complex' refers to headshields that are distinguishable from most species but may 
belong to one of several closely related species; some headshields have 2 possible 
identities listed). 
Table 4.4 The p-values obtained from linear models of the relationship between taxa, assemblage indices 
or aquatic macrophyte cover and farming and river regulation. Farming x regulation is the interaction 
between farming and river regulation. Pres/absen means the analysis was carried out on presence and 
absence data. Non-significant relationships (p = .05) are denoted 'n.s.'. 
farming x 
taxon or index type of data regulation farming regulation 
Alona (undifferentiated) abundance n.s. n.s. n.s. 
Alona quadrangularis pres/absen n.s. .010 n.s. 
Alonella excisa pres/absen n.s. n.s. n.s. 
Biapertura (undifferentiated) abundance .042 n.s. n.s. 
Biapertura affinis pres/absen n.s. n.s. n.s. 
Chydorus (undifferentiated) abundance n.s. n.s. n.s. 
Ephemeroporus complex 2 pres/absen .007 n.s. n .s. 
Graptoleberis testudinaria pres/absen n.s. .026 .001 
Leydigia leydigi pres/absen n.s. n.s. n.s. 
Pleuroxis inermus pres/absen n.s. n.s. .010 
richness index n.s. n.s. .025 
diversity index n.s. n.s. <.001 
equitability index n .s. n.s. <.001 
Macrothricidae pres/absen n.s. n.s. n.s. 
macrophyte cover estimate n.s. n.s. n.s. 
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Table 4.5 Estimates of richness, diversity and equitability for different levels of regulation. The 
Unregulated and Exposed levels have been combined in the model for richness. 
Unregulated Exposed Isolated 
species x ± 2s.e. x ± 2s.e. x ± 2s.e. P-value 
richness 9.3±1.2 7.1± 1.4 .025 
diversity 1.64 ± 0.13 1.75 ± 0.10 1.23 ± 0.07 <.001 
equitability .74 ± .04 .78 ± .05 .63 ±.04 <.001 
Several of the headshields that cannot be identified to species are also the most 
abundant. The 4 most common types of headshields are: undifferentiated headshields 
of Chydorus (36% of Chydoridae) Alona (23%), Biapertura (18%), and a headshield that is 
3% of the chydorids which belongs either to Ephemeroporus or Australochydorus 
(hereafter referred to as Ephemeroporus complex 2). Other common species are 
Graptoleberis testudinaria (3%), Pleuroxus inermis (2%), Alona quadrangularis (2%), Alonella 
excisa (2%), Biapertura affinis (2%) and Leydigia leydigi (1%). 
40 0 Non farm 
<> Farm l 30 number of l general 20 I I I Biapertura I 10 I 
0 
Unregulated Exposed Isolated 
regulation level 
Figure 4.1 The relationship between the abundance of undifferentiated Biapertura and an interaction of 
farming and river regulation. Errors are ±2 s.e. on the mean (as distinct from the difference between the 
means). 
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4.3.3 Composition versus farming and river regulation 
Statistical modelling of the effects of farming and regulation on Cladocera is restricted 
to 39 surface assemblage samples. Billabongs 7a and 10 did not have the minimum 50 
chydorid headshields required for analysis, and complementary chemical data are not 
available for Hogan's and Toke billabongs. Eleven cladoceran taxa are abundant 
enough to investigate their relationship with farming and river regulation when 
assemblages are restricted to 50 headshields (table 4.4). Only the undifferentiated 
species of Alona, Biapertura and Chydorus are present in sufficient numbers to base 
statistical analyses on abundance. The remaining species are common but not 
abundant, and presence/ absence data are used in the statistical analyses (table 4.4). 
Outliers occur only for analyses of diversity (one outlier) and equitability (two outliers), 
but their influence on estimates of diversity and equitability is minor. Therefore, no 
samples are excluded from the results reported below. 
Species richness, diversity and equitability are all lower in assemblages from Isolated 
billabongs than Unregulated or Exposed assemblages (table 4.5). The abundance of one 
cladoceran species and the occurrence (presence versus absence) of 4 species are related 
to anthropogenic factors; two due to an interaction of farming and regulation (figure 
4.1), and three with farming, or regulation, or both (figure 4.2). These patterns are as 
follows: 
• In Isolated billabongs only, Farmed billabongs have significantly less 
undifferentiated Biapertura than Nonfarm billabongs (3 versus 20 out of the 
assemblage total of 50; figure 4.1). 
• Ephemeroporus complex 2 in Unregulated and Exposed billabongs are more 
frequently present in Farmed than Nonfarm billabongs, but the opposite pattern is 
observed for this species in Isolated billabongs (figure 4.2). 
• Graptoleberis testudinaria occurs less frequently in Isolated billabongs than Exposed 
or Unregulated billabongs (figure 4.2); Graptoleberis testudinaria also occurs less 
frequently in Nonfarm than Farmed billabongs. 
• Alona quadrangularis, is more common in Nonfarm than Farmed billabongs (figure 
4.2). 
• Pleuroxis inermis is absent from Exposed billabongs and is less commonly 
encountered in Unregulated than Isolated billabongs. 
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4.3.4 Taphonomy 
The relation between life assemblages in water and death assemblages in the surface 
sediments cannot be assessed from the sporadic planktonic and littoral macrophyte 
sampling carried out. However, more critical for this study is the question of whether 
preservation bias varies with farming or river regulation. This was assessed by 
statistical modelling of variation in the fragmentation of remains, the amount of 
disarticulation of skeletal parts, and the skeletal ratios of headshields to carapaces. 
None varies significantly (p = .05) with farming, regulation or the interaction of these 
terms. Other than a probability of .089 for percentage half chydorid carapaces (i.e. 
disarticulation) related to farming, all of the p-values are greater than .250. 
probability 
of 
occurrence 
1 -
0.75-
0.5-
0.25-
I 
<> 
1 
Alona 
quadrangularis 
0 
<> 
~ 
Nonfarm 
Farmed 
Unregulated 
T 
T I 
<> 
~ 
11 
I I 
Graptoleberis 
testudinaria 
II 
~ 
I 
n 
~ 
1 
Pleuroxus 
inermis 
Exposed 
Isolated 
I 
I 
I 
<> 
I 
Unreg. Exp. /sol. 
Ephemeroporus 
complex 2 
Figure 4.2 Variation in the presence/absence of 4 species of Cladocera and fanning and river regulation 
for assemblages of 50 headshields. Presence equals 1 and absence 0. Errors are ±2 s.e. on the mean (as 
distinct from the difference between the means). Ephemeroporus complex 2 varies with an interaction of 
farming and river regulation. 
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Alona 
quadrangularis 
presence/ 
absence 
Pleuroxus 
inermis 
presence/ 
absence 
0.75 
0.5 
0.25 
-2 .5 
0 
p = .010 
-2 -1.5 -1 -0.5 0 
mean In phosphorus (mg/I) 
p = .003 
100 200 300 400 
mean depth (cm) 
Figure 4.3 Variation in the presence/absence of a) (top) Alona quadrangularis with mean ln total 
phosphorus and b) (bottom) Pleuroxus inermis with mean depth. Presence equals 1 and absence 0. Errors 
are ±2 s.e. on the mean (as distinct from the difference between the means). The relationships are linear 
when expressed on the logit scale. 
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4.3.5 Links with physico chemistry 
When billabong depth, ln phosphorus and ln salinity are added as additional 
independent variables to linear models where a significantly relationship of species 
abundance or occurrence to farming was found, the farm-term only becomes non-
significant for Alona quadrangularis; the p-value of the farm-term changes from .010 to 
.260. Mean ln phosphorus concentration is the most significant term out of minimum, 
mean and maximum phosphorus concentration, having a p-value of .001 when 
modelled as the only independent variable. Alona quadrangularis occurrence is 
negatively related to mean ln phosphorus (figure 4.3a). 
Similarly, river regulation only becomes non-significant in one instance when billabong 
depth and ln salinity are added as independent variables to the linear models of 
assemblage indices or species presence/absence. Regulation is just non-significant (p = 
.064) when mean billabong depth competes as an independent variable in the model for 
Pleuroxus inermis presence/ absence. Mean depth has a more highly significant effect on 
Pleuroxus occurrence than minimum, or maximum depth. The relationship between 
Pleuroxus inermis and mean depth is inverse (p = .003; figure 4.3b ). 
4.3.6 Aquatic macrophyte cover 
Average plant cover for billabongs ranges from less than 5% to greater than 80%, and is 
reported by billabong in Appendix table A4.2. Mean aquatic macrophyte cover is not 
related to farming or river regulation (table 4.4), nor is variation in aquatic macrophyte 
occurring with sample trips. 
4.3.7 °/oChydorids versus aquatic macrophyte cover 
The percentage of chydorids in surface sediment assemblages ranges from 100% in sites 
billabongs 1to3 on the eastern Murray River, to less than 10% in billabongs 13 (middle 
Murray) and 27 (Ovens River). 
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Figure 4.4 Variation in the percentage of chydorid Cladocera remains in the surface sediments of 
billabongs versus their aquatic macrophyte cover. Macrophyte cover is averaged over the sampling 
period for each billabong. 
Table 4.6 %Chydoridae in Cladoceran assemblages from billabongs with varying amounts of aquatic 
macrophyte cover. 
mean macrophyte 
cover class (%) mean% Chydoridae range % Chydoridae no. billabongs 
0-5 31 7-54 10 
6-25 54 10-89 11 
26-50 81 51- 95 6 
51-75 88 71-100 7 
76 -100 96 90-100 4 
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The data are shown by billabong in Appendix table A4.2. The percent of chydorids 
increases with macrophyte coverage but the relationship is curvilinear (table 4.6; figure 
4.4). Billabongs with an average macrophyte cover of more than 26% had an average of 
more than 80% Chydoridae in their Cladocera assemblages (table 4.6), in contrast to 
billabongs where macrophytes were absent or nearly so (0-5% cover) which always had 
less than 54% Chydoridae and averaged only 31 %. 
4.4 Discussion 
4.4.1 Characteristics of living fauna 
The sampling for living invertebrates in this study is qualitative and limited, but 
general trends can be compared with more thorough studies of billabongs and similar 
Australian lakes. The microinvertebrate fauna is dominated by Copepoda and 
Cladocera (not considering rotifers), with copepods being numerically dominant in the 
limnetic zone and cladocerans in the littoral macrophyte zone. Few comparisons of the 
littoral macrophyte and limnetic zone in Australian billabongs and similar lakes have 
been made, but this observation is generally supported by the existing data (Shiel 1976; 
Mitchell 1986), although copepods may dominate in macrophyte stands depending on 
the type of vegetation (Shiel 1976). The impression gained from studies of zooplankton 
in similar Australian lakes (Shiel 1979; Geddes 1984; Crome and Carpenter 1988; Timms 
1989; also reviews in Shiel 1980, 1986; Mitchell 1986) is of slightly higher cladoceran 
dominance of the zooplankton than was found in this study. However the non-
systematic nature of the qualitative sampling in this study makes it impossible to 
evaluate the accuracy of this trend. 
Several noteworthy trends in the abundance of individual taxa emerge: 
1) Bosmina is more abundant in the limnetic than littoral macrophyte zone, and the 
opposite is true for the Chydoridae (Crome and Carpenter 1988; cf. Shiel 1976 and Shiel 
1979, Geddes 1984, Timms 1989). Chydorid Cladocera in the limnetic zone are 
considered by Shiel (1979, 1980; cf. Tan and Shiel 1993) to be facultative or dislodged 
134 
from submersed and floating vegetation, as are Simocephalus and the macrothricids. The 
habitat preference of Bosmina and the chydorids means that the percentage of chydorids 
in the life assemblages of Cladocera is related to the extent of the littoral macrophyte 
zone. 
2) Daphnia is present, but only in relatively low abundance compared to copepods and 
other cladoceran zooplankton, reinforcing by the relative scarcity of Daphnia ephippia 
in the limnetic and littoral macrophyte samples. It is possible that the Daphnia were 
hiding in benthic habitats and that night sampling would have revealed significant 
numbers. Low Daphnia numbers were also found in billabongs and lakes of the Murray 
system by Shiel (1976) and Geddes 1984. However, Daphnia is a major component of the 
zooplankton of Hunter River billabongs (Timms 1989) and Lake Merrimajeel, a 
terminal swamp in the Murray-Darling Basin (Crome and Carpenter 1988). The relative 
low abundance of Daphnia is reflected in the small size of the zooplankton in this study. 
This point is retuned to in Chapter 7. 
3) Daphnia is even less abundant in the littoral macrophyte zone than in the limnetic 
zone, as in Shiel (1980) (the potential bias of day-sampling from the previous point also 
applies here). Simocephalus, a medium to large bodied cladoceran, is abundant in the 
littoral macrophyte zone. These patterns, too, are important for later discussions. 
4) 'Temporary water' fauna (Anostraca, Conchostraca, Notostraca; Rzoska 1974) are 
only present in very low abundance, in spite of many of the billabongs being ephemeral 
waterbodies (Chapter 3). Crome and Carpenter (1988) describe a similar situation in 
Lake Merrimajeel, which is also ephemeral. They outline several differences between 
Lake Merrimajeel and non-riverine temporary ponds. Firstly, the lake phase is extended 
in Lake Merrimajeel compared to temporary pools, which means that fauna need not 
have short life cycles to survive. Secondly, an avenue of colonisation exists, via the 
river, that is not found in other temporary pools. Finally, they note that relatively fresh, 
oxygenated water is maintained in the drying phase. The maintenance of oxygenated 
water may decrease the amount of disturbance normally associated with temporary 
pools, especially for the fish fauna (Welcomme 1979), which suppress the characteristic 
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temporary water fauna. Even if fish are eliminated, they can recolonise when the basin 
is refilled, preventing temporary water fauna from persisting. 
4.4.2 Anthropogenic disturbance 
Predictions based on physicochemistry 
Poff and Ward (1990) have argued that biota in rivers are preadapted to anthropogenic 
disturbance because of a high frequency of natural disturbance. Similarly, biota in 
billabongs may be preadapted to the impacts on physicochemistry of farming and 
regulation (and to the consequences, e.g. algal growth) from their tolerance of natural 
physicochemical variation. It follows that anthropogenic impacts on physicochemistry 
which differ from natural variation are more likely to cause disturbance than those 
which mimic natural variation (Poff and Ward 1990; Yount and Niemi 1990). 
It might therefore be expected that the biota are preadapted to the press-increase in 
total phosphorus imposed by farming. Since the greatest fluctuations in 
physicochemistry from river regulation are through changes in billabong depth, this 
effect of regulation may not cause disturbance because substantial depth fluctuations 
occur naturally. However, the timing and frequency of depth fluctuations from river 
regulation are not similar to natural patterns (Hillman 1986; Chapter 3), and the short-
term depth fluctuations are greater than occur naturally, except with the onset of floods 
(Chapter 3). This 'new' and excessive variation may result in an impact to the biota. 
Disturbance of Cladocera 
Detecting a disturbance in an assemblage of remains 
The distinction between a subfossil assemblage and a living population or community 
is relevant to the characterisation of a disturbance. Definitions of disturbance (e.g. 
White and Pickett 1985; Yount and Niemi 1990) either state or imply that a disturbance 
involves a change in a population or community. However, subfossil and fossil 
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assemblages are not equivalent to populations or communities. The lifespan of a 
cladoceran is under a month (Frey 1987; Shiel 1990), while surface assemblages of 
Cladocera accumulate over a period of months or years, depending on the 
sedimentation rate. Therefore, cladoceran assemblages are made up of a series of 
communities from a variety of billabong habitats (Whiteside and Swindoll 1988), the 
remains of which settle out or are transported into the centre of the billabong by 
processes of sediment focussing (Frey 1988; cf. Hilton et al. 1986). Furthermore, post-
mortem (taphonomic) processes may differentially affect the remains of particular 
species, altering assemblage composition. An assemblage is therefore a measure of 
mean community composition, as modified by taphonomic processes. 
To the extent that it is necessary to identify a disturbance as a "discrete event" (White 
and Pickett 1985 p.7), or to distinguish between an "instantaneous alteration" and a 
"sustained alteration" for pulse and press disturbances (Yount and Niemi 1990 p.548), 
fossil assemblages are not likely to register disturbances with recovery times that are 
much shorter than the time-slice represented by the assemblage. Mean species 
composition reveals nothing about the variation in species abundance during the 
interval represented by the sediment sample. Nevertheless, differences in assemblage 
composition between two samples reflect either differences in the contributing 
communities or varying taphonomic influence, or both. Assemblage composition 
should vary with land use if it has led to disturbance unless the disturbance it causes is 
only periodic and is very short term relative to the time-slice represented by the 
assemblage. Taphonomic processes may also lead to divergence of like assemblages, 
and this possibility must be considered. 
Taphonomy 
In Chapter 3 it was established that billabongs that are both Farmed and Isolated are 
shallower than other billabong-groups in the farming-regulation interaction. Being 
isolated, these billabongs would also be flooded less frequently. Billabongs that are 
relatively shallow and flooded less frequently than others are likely to be less 
permanent, and be characterised by enhanced organic breakdown in surface sediments 
as oxygen-rich sediments are wetted and dried (cf. Brinson et al. 1981). Cladoceran 
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skeletons are composed of organic matter, and their differential breakdown m 
Farmed/Isolated billabongs should be considered. 
In spite of the potential for bias, the taphonomic processes appear to have affected 
cladoceran assemblages from control, farmed and regulated billabongs equally: the 
degree of fragmentation and disarticulation of remains does not vary significantly 
within levels of farming and river regulation or their interaction. It is still possible that 
taphonomic processes corrupt the farming and regulation contrasts, for instance 
through transport processes that do not affect fragmentation or disarticulation. 
Therefore, based on the tests performed, contrasts in assemblage composition found to 
occur with farming and regulation are considered to be likely due either to differences 
in the contributions of living Cladocera or to confounding factors. Until the taphonomy 
of cladoceran assemblages in billabongs is well known, conclusions should be 
tempered by the possibility of a hidden bias. 
Species patterns and confounding 
Before considering the impacts of farming or regulation on Cladocera it must first be 
established that the patterns observed are not due to confounding of land use and 
natural factors. In Chapter 3, it was argued that two natural factors confound with 
farming in its effects on billabong physicochemistry; these might in turn affect 
Cladocera. As pointed out above, billabong depth confounds with farming on the 
regulated Murray River; Farmed/Isolated billabongs were shallower than the remaining 
billabongs in the farming by regulation interaction due to their relative antiquity 
(Chapter 3, figure 3.2). Also, the increasing predominance of sodium and chloride 
westward in the field area, where farmed billabongs are less common, is possibly an 
effect of natural Ovens River contributions. Depth confounding is easily considered but 
not the confounding effects of major ion variation and farming because the contrast of 
regional variation in major ions and farming was not examined in detail (Chapter 3). 
Five of eleven cladoceran taxa analysed are influenced by farming and river regulation. 
Of these, three covary with farming or regulation alone and thus the patterns observed 
are not due to depth confounding. The relationships of Alona quadrangularis to farming, 
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Pleuroxus inermis to regulation, and Graptoleberis testudinaria with both land use factors, 
suggest alteration of cladoceran communities by farming or regulation at some stage 
during the period of assemblage accumulation. 
The relationship of the remaining two taxa with farming and regulation is less 
straightforward. Farming increases the probability of Ephemeroporus ex. 2 occurring in 
Isolated billabongs, but decreases the probability of occurrence in Exposed and 
Unregulated billabongs (figure 4.2), although it should be remembered that there was 
only one Farmed/Exposed billabong sampled. This pattern is not consistent with depth 
confounding as outlined above and detailed in Chapter 3. However, if a farming and 
regulation interaction affects the occurrence of Ephemeroporus complex 2, the 
mechanism is complex. 
Undifferentiated Biapertura also varies with an interaction of farming and regulation 
(figure 4.1). This variation broadly follows the pattern described in Chapter 3 for 
confounding of the interaction of farming and regulation with billabong depth. 
However, the patterns differ in one respect. Both Nonfarm/Isolated and Farmed/Isolated 
billabongs have undifferentiated Biapertura abundance that differs from that found in 
the other billabong groups, rather than just Farmed/Isolated billabongs (cf. figures 4.1 
and 3.2). Furthermore, depth is not a surrogate for farming when the terms are 
included together as independent variables in the models for undifferentiated 
Biapertura relative abundance. These characteristics of the Biapertura variation suggest 
that confounding of farming and regulation with billabong depth is not the cause. 
Nevertheless, since mean relative abundance of undifferentiated Biapertura is similar for 
combinations of Farmed, Nonfarm, Unregulated and Exposed billabongs, farming and 
regulation are generally not very important to the abundance of undifferentiated 
Biapertura. The effects of farming and regulation on undifferentiated Biapertura, if real, 
are also due to a complex mechanism. 
These data imply that farming and regulation have disturbed at least 3 cladoceran 
species (2 each), although the effects of farming may be explained by natural 
differences in the major ion balance which were not considered. Farming and 
regulation may also interact in their effects on two further species. 
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Species richness, diversity and equitability are all significantly lower in assemblages 
from Isolated billabongs than in Exposed or Unregulated billabongs, but farming does not 
significantly affect these whole-assemblage characteristics (tables 4.4 and 4.5). Lower 
richness of Isolated assemblages is probably due to the contribution of minor species, 
because variations in the occurrence of Graptoleberis and Pleuroxus with regulation 
follow opposing trends (figure 4.2), and undifferentiated Biapertura is present in 12 of 
15 Isolated assemblages. Higher sedimentation rates can alter the diversity of fossil 
assemblages without a change in the diversity of the life assemblages (Smol 1981), but 
there is no a priori reason to suggest Isolated billabongs have higher sedimentation rates. 
(Actually, just the opposite: being flooded less often may reduce the deposition of 
sediments from floods). Therefore, the reduction of richness, diversity and equitability 
in Isolated billabongs are evidence for disturbance by regulation if higher sedimentation 
rates do not bias the result. 
The trends of variation in whole-assemblage measures with river regulation imply that 
either the contributing communities are dominated by fewer species or that the 
prevalence of community types has changed. Beyond this sketchy information, impacts 
of regulation on the disturbance regimes of billabongs isolated and exposed to medium 
floods cannot be made from the assemblage data. For example, a reduction in diversity 
could mean either an increase or a decrease in disturbance if the intermediate 
disturbance hypothesis (Connell 1978) applies to billabongs. It is also not possible to 
distinguish press and pulse disturbances from the data, since both will lead to changes 
in the long term average of community composition, which the fossil assemblages 
reflect. It is impossible to gauge how the frequency of disturbance has changed from 
this data. 
Links with physicochemistry 
A possible mechanism underlying effects of farming or regulation on the Cladocera 
only emerges in two instances. A negative relationship between Alona quadrangularis 
and ln phosphorus appears to underlie the significant relationship of Alona 
quadrangularis and farming (figure 4.3a). At least part of the variation in Pleuroxus 
inermis with regulation may have to do with the effects of regulation on mean depth 
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(figure 4.3b). Part of the variation in Pleuroxus inermis is probably due to other factors 
affected by regulation since the p-value of regulation in a model with mean depth has 
low significant (.064). 
The physicochemical variables found to be affected by farming and regulation in 
Chapter 3 are not obviously responsible for the remaining relationships between 
Cladocera and farming or river regulation. However, there are several reasons not to 
rule out contributions of these physicochemical variables to the underlying 
mechanisms. Physicochemical and species data are analysed at different levels of 
variation. For instance, mean phosphorus over sample trips is related, but not 
equivalent, to phosphorus measured each trip. Furthermore, the important variation in 
physicochemistry for the fauna may occur at short time intervals not detected in the 
bimonthly sampling of physicochemistry. 
Disturbance of aquatic macrophytes 
There is no evidence that farming and regulation cause disturbance with respect to 
aquatic macrophytes (table 4.4). However, the 'no effect' conclusion applies only to total 
cover since the abundance of individual species is not enumerated. It is possible that 
species replacements have occurred without any effect on plant cover. For example, 
Typha was widespread in billabongs at settlement (Williams 1962 p.412) but occurs in 
only a few of the 41 sites surveyed (personal observation), and is known to be grazed 
by cattle (Sainty and Jacobs 1981). If species replacements occur with farming and 
regulation, these do not affect the total cover of macrophytes. 
Concordance with predictions based on disturbance concepts 
Summary 
It appears that regulation has a greater impact on Cladocera than farming, based on the 
number of species of Cladocera affected and the overall decrease in species richness, 
diversity, and equitability for billabongs that have been isolated from low to medium 
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floods. This is consistent with predictions about the relative potential for impacts of 
farming and regulation, arising from the observation that the direct and indirect effects 
of river regulation on billabong physicochemistry are large in comparison to the total 
effects of farming. 
The results suggest, however, that overall the impacts of farming and regulation on 
billabong communities are low. The cladoceran assemblages found in billabongs with 
contrasting levels of farming and regulation are quite similar. All of the cladoceran 
species clearly affected by farming and regulation are relatively uncommon (table 4.3) 
and the impacts of regulation on whole-assemblage measures are likely due to effects 
on minor species (in terms of abundance). 
The relatively small impacts of farming and regulation on Cladocera and macrophytes, 
combined with the low magnitude anthropogenic physicochemical variation relative to 
natural variation (Chapter 3), supports the concept of preadaptation of billabong biota 
to anthropogenic environmental change (Poff and Ward 1990; Section 4.4.2). 
Of the Cladocera, the patterns of occurrence of Alona quadrangularis, Pleuroxus inermis, 
and Graptoleberis testudinaria do not conform to the concept of preadaptation, and 
neither do the minor species that contributed to the lower richness, diversity and 
equitability in assemblages from Isolated billabongs. It might be useful in this situation 
to distinguish between preadaptation of individual taxa and the greater community. 
Certain minor Cladocera taxa are not preadapted to anthropogenic disturbance. 
However, the components of billabong communities examined appear to be stable, in 
the sense that most common Cladocera species, and macrophyte coverage, are not 
affected by the influence of farming and river regulation, or they possess adaptations to 
quickly recover from disturbances created by faming and regulation. 
The concept of preadaptation was developed for situations where the anthropogenic 
disturbance mimics natural variation (Poff and Ward 1990; Yount and Niemi 1990). The 
mechanisms underlying the significant relationships of Cladocera and land use are only 
hinted at in two instances (Alona quadrangularis and Pleuroxus inermis). Lower Alona 
quadrangularis abundance in farmed billabongs appears to be related to phosphorus 
enrichment, which is, indeed, contrary evidence to the concept of preadaptation 
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because of the large fluctuations in phosphorus due to natural factors. More needs to be 
known about the mechanisms underlying variation in the other affected Cladocera with 
land use before the concept of preadaptation can be fully assessed. 
It is noteworthy that of the two groups of biota, only Cladocera, with a generation time 
of about a month, are affected by farming or regulation. Macrophytes, which have 
growth cycle closer to the period of sampling in the physicochemical survey, and for 
which the predictions in Section 4.4.2 should best apply, appear to be unaffected by 
land use. Of course, individual macrophtyte species may have suffered impacts, and 
the habitat subsequently occupied by other, competing species. 
Caveats 
There are a number of caveats to the conclusions reached above: 
• Species measures are relative rather than absolute: the relative abundance of species 
are co-dependent. The abundance patterns individual species may have been 
misinterpreted, affecting assessments of disturbance of the species. 
• The interpretation of diversity, equitability, richness data relies on an assumption of 
constant sedimentation rates between billabongs classified by farming and 
regulation influence, and this may well not be the case. 
• It is possible the some of the complexity in the relationship between 
'undifferentiated' Biapertura and land use is due to this taxon actually representing a 
group of species. Some of the species in this group are likely to be common, and if it 
were possible to differentiate between them the conclusion that the overall impacts 
of farming and regulation are minor might need revision. Also, the use of 
presence/ absence measures on assemblages of only 50 headshields is likely to 
produce errors. However, based on the available data there is appears to be little 
difference in the cladoceran communities related to farming and regulation, or in 
their prevalence through time (of assemblage accumulation). 
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• The conclusion of minimal impacts of farming and regulation does not apply to rare 
and short-term disturbances. These are not detectible due to the time-averaging of 
assemblages. 
• Taphonomic changes to assemblage composition that were not accompanied by 
breakage, disarticulation or a change in skeletal ratios will not have been detected. 
• No attempt was made in Chapter 3 to resolve the confounding effects of land use 
with major ion composition, so it is possible that the effects observed of land use on 
the Cladocera are due to variations in major ions. 
4.4.3 Percent chydorids as a palaeolimnological tool 
The percentage of chydorids in fossil assemblages faithfully reflects very broad 
differences in the amount of aquatic macrophyte cover between billabongs (table 4.6 
and figure 4.4). This correlation is founded in habitat preference. Bosmina are most 
abundant in open water of billabongs, where the chydorids are relatively scarce, and 
the opposite is found in the littoral macrophyte zone, where chydorids are co-dominant 
and Bosmina is relatively uncommon (table 4.2). 
However, the curvilinear nature of the relationship and the degree of variation makes 
quantitative reconstructions of macrophyte cover difficult if not impossible. For 
instance, 75% chydorids may mean an average macrophyte cover score of -1.5 to 4.5 
(-10 to 70% ). The curvilinear relationship is probably due to factors affecting the 
percent of chydorids other than macrophyte cover. Chydorids can also be found in the 
biofilms of woody debris and tree roots (pers. obs.). The abundance of this habitat is 
highly variable and probably unrelated to macrophyte cover. In billabongs with low 
macrophyte cover this may distort the percent chydorid-macrophyte relationship, 
elevating the percentage of chydorids in billabongs which have greater amounts of 
woody debris. However, the presence or absence of alternative surfaces for chydorids 
to occupy has less influence on the percent chydorid-macrophyte relationship in 
billabongs with high macrophyte cover. In such billabongs there are ample surfaces for 
chydorids to occupy. Moreover, Bosmina relative abundance may be reduced by a 
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number of factors related to macrophyte growth in billabongs with high cover: 
relatively less limnetic habitat area, greater predation in the clearer waters that 
accompany macrophyte growth (Chapter 3), and less algae for food due to the negative 
effects of macrophytes on algal growth (Scheffer et al. 1993). 
Much of the scatter in the relationship of percentage chydorids to macrophyte cover is 
probably due to differences between billabongs such as size, shape, depth, and 
orientation relative to the prevailing winds. Sediment cores record within-billabong 
variation through time, and the between-billabong error is not present. Thus, the 
percentage of chydorids may reflect aquatic macrophyte cover within a billabong more 
precisely than might be expected based on the relationship in figure 4.4. 
In spite of the scatter and curvilinearity in the percent chydorid-macrophyte 
relationship, samples with less than 40% Chydoridae in Cladoceran assemblages 
indicate little or no macrophyte cover, and those with more than 50% at least some 
development of macrophyte beds (table 4.6). However, estimates based on single 
samples are inherently tenuous due to the large range of values of percent Chydoridae 
for macrophyte cover classes. A better indication of the general level of macrophyte 
cover in a time period is provided if multiple independent samples return consistent 
values of percent Chydoridae. The samples in this study are considered (temporally) 
independent based on sedimentation rates (maximum 28 mm/year; average 6 and 0.5 
mm/year post and pre European settlement; Chapter 6) and the sampling interval (20 
cm). 
4.5 Summary and conclusions 
It is clear that the concept of preadaptation to anthropogenic disturbance (Poff and 
Ward 1990) does not apply to all billabong biota. Farming and, especially, river 
regulation affect the abundance of some cladoceran species. However, the overall 
effects of farming and regulation on billabongs are small if the patterns found for 
Cladocera and total macrophyte cover are typical of other important components of 
billabong communities. The evidence suggests that the billabong communities are 
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preadapted to disturbance by farming and regulation. The percentage chydorids is 
positively correlated with aquatic macrophyte cover in billabongs, and the ecological 
basis of the ratio in billabongs is also confirmed. However, the relationship is not strong 
enough to make quantitative predictions of past levels of macrophyte cover based on 
the percentage of chydorids in assemblages of cladoceran remains. 
The conclusions of Chapter 4 are: 
1) Daphnia and other large bodied zooplankton are relatively uncommon in the lirnnetic 
zone, at least during the day. Daphnia is even less common in the littoral macrophyte 
zone, but a medium bodied cladoceran, Simocephalus, is abundant. 
2) Classic temporary-water fauna are rare in billabongs, in spite of many billabongs 
being ephemeral. This may be due to higher fish populations in billabongs than other 
temporary pools. 
3) Regulation and farming cause disturbance in the cladoceran fauna, mainly affecting 
the abundance of minor cladoceran species. The majority of cladoceran species, 
including the most abundant, are not affected by either farming or river regulation, or 
at least not differently to natural variation, or if they are affected, possess adaptations to 
recover quite rapidly. 
4) Total aquatic macrophyte cover is not affected by farming and river regulation any 
differently than by natural variation, or coverage is restored to pre-disturbance levels 
fairly rapidly. 
5) Regulation is a stronger agent of disturbance than farming, which is consistent with 
predictions based on the effects these land use factors have on physicochemistry. 
6) Following from conclusion 3, several cladoceran species, that are minor components 
of natural community, are not preadapted to anthropogenic disturbance. 
7) Conclusions 3 and 4 suggest that the overall stability of billabong communities is 
high. In other words, billabong communities may be preadapted to anthropogenic 
disturbance. 
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8) An index of percentage of chydorids in fossil cladoceran assemblages of chydorids 
and Bosminidae is valid for tracing broad historical changes in aquatic plant cover, 
although precise reconstructions of historic plant abundance are not possible. 
The pattern$ of present day physicochemistry (Chapter 3), aquatic macrophytes and 
Cladocera (this chapter) suggest that the impacts of farming and river regulation are 
relatively minor in comparison to naturally occurring environmental variation. 
However, if the impacts of land use may have been underestimated if they are 
widespread, such that natural control billabongs have also been affected. This 
possibility is investigated for physicochemistry in Chapter 5, and the biota in Chapter 6. 
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Billabongs 32 and 38, with Damien Kelleher holding down the coring rig. 
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Chapter 5 Historical billabong physicochemistry 
5.1 Introduction 
5.1.1 Context and aims 
In Chapters 3 & 4 comparisons were made of the present day limnology of billabongs 
on farms and on regulated floodplain with billabongs more remote from these 
activities. However, as emphasised Chapters 1 & 2, there are probably not any 
billabongs that are unaffected by farming, and river regulation may also have impacts 
that extend upstream of impoundments. Grazing by introduced stock, fertiliser use, 
catchment erosion, or the decline of native fish due to regulation may have widespread 
impacts on billabongs (Chapter 2). If farming and river regulation have affected all 
billabongs to a degree, their impacts will have been underestimated by the present-day 
comparisons of limnology in Chapters 3 & 4. In this situation, the only avenue for 
determining the full effects of farming and river regulation is through the historical 
record. Changes in the ecology of billabongs associated with farming and river 
regulation should be reflected in the sedimentary record deposited in the pre and post 
European settlement periods, since the ecology of billabongs will influence the nature 
of the sediments deposited within them, and the fossil assemblages that accumulate 
over time. 
In this chapter, the historic physicochemical record of billabongs is established. The 
record examined extends from the present day to sediments deposited from before 
European settlement of the region. This information is used to further characterise the 
general scales of physicochemical variation described in Chapter 3, and the amount of 
variation attributable to farming and river regulation relative to naturally occurring 
variation. This sets the foundation for considering the historic impacts of farming and 
river regulation on billabong biota in Chapter 6. 
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Sediment cores are recovered from ten billabongs in the limnological survey and from 
three others in the study area. Natural and anthropogenic variation in sedimentation 
rates, redox conditions and phosphorus levels in the overlying water column are 
investigated. The chemical stratigraphy of shallow lakes has been little studied, and 
therefore the criteria for interpreting changes in billabong chemistry must be first 
established. Furthermore, the chronology of sediment deposition proved problematic 
and correlation with exotic Pinus pollen was undertaken, the validity of which also 
must be established. 
5.1.2 Structure of Chapter 5 
The layout of Chapter 5 departs slightly from that of the other results chapters because 
the establishment of sediment chronology and the interpretation of palaeoredox 
conditions are not straightforward, and these require somewhat lengthy treatment. 
Therefore two sections are inserted into this chapter. The first follows this section and is 
a summary of the approaches used for interpreting sediment chronology and 
palaeoredox conditions. Then, following the methods, there are two sets of results and 
discussion sections. In the first set the sediment dating results are presented and 
evaluated, and the criteria for interpreting palaeoredox developed: 
• The suitability of Pinus as a postsettlement marker is evaluated by comparison of 
the stratigraphy of Pinus, 137Cs, unsupported 210Pb, a few carbon dates and some 
lithological evidence. Radiocarbon dates on bulk sediments and wood are evaluated 
as presettlement chronometers. 
• Palaeoredox indicators are developed by comparing the chemistry of stratigraphic 
zones grouped on the basis of their sediment structure or organic content. 
This allows for the interpretation of changes in palaeoredox through time in the second 
set of results & discussion. Sedimentation rates before and after settlement estimated. 
Reconstructions of historical redox conditions in 8 billabongs are then made. Similar 
reconstructions are carried out for phosphorus levels, but the interpretation of temporal 
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variation in the external loading of phosphorus is made with regard to evidence for co-
occurring changes in redox levels. 
It would be best to use chemical accumulation rate rather than concentration for 
interpretation (Engstrom et al. 1985), but the chronology is inadequate to reconstruct 
meaningful sediment accumulation rates. Finally, the effects of sedimentation rates on 
chemical interpretations are considered in the discussion. 
5.1.3 Background to chronology, chemistry 
Chronology 
Four methods are used in this study to establish sediment chronology: radiometric 
dating using 14C, 210pb and 137Cs, and correlation with exotic plant pollen form the tree 
genus Pinus. Radiocarbon is used to establish the chronology of sediments deposited 
before European settlement of the region. Radiocarbon dating of plant material can 
accurately date sediments deposited before about 30,000 to 50,000 years, depending on 
levels of contamination (Gupta and Polach 1985). Sediments deposited after settlement 
of the region by farmers of European origin (~ 1850; Chapter 2) are detected from the 
presence of Pinus pollen. Pinus species are ideal as stratigraphic markers because they 
are wind-pollinated, they are quite prolific pollen producers, have distinctively shaped 
pollen, and plants of the genus, and many of their relatives with similar pollen 
morphology, do not occur naturally in Australia. 
The first appearance of Pinus pollen in the fossil record should correspond to the late 
1800's, but this needs to be confirmed. This estimate is based on records of the 
introduction of pines and their capacity for pollen production. Pines were first 
introduced to Australia in late 1850's and were planted extensively in Victoria by 1870 
according to Fielding (1957a), based on notes of the Government Botanist Baron 
Ferdinand von Mueller, and records of substantial seed sales in 1869. Fielding notes 
that seeds of Montery Pine (Pinus radiata, named P. insignis in some early accounts) 
were carried by gold miners, and gold mining was extensive in the hills to the south of 
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the field area (i.e. downwind) in the middle 1800's (Chapter 2). Moreover, pines were 
planted for timber supply and to create windbreaks, and to satisfy settlers 
preoccupation with transforming their surroundings into an English landscape (Buxton 
1974). 
Healthy pines begin pollinating after 3-9 years of age, depending on the species, and a 
viable pollen cloud for seed production is expected in P. radiata plantations after 5-7 
years Gohn Owen, ACT Forestry, pers. comm. 1995). A large amount of pollen may be 
released. For example, the pollen count in the canopy of a P. radiata plantation peaked 
at more than 10,000 grains/cm2/day (Fielding 1957b). Importantly for the dispersal of 
pollen to distant areas, the release of pollen was strongly promoted by elevated winds. 
Therefore, the first grains of Pinus pollen in Australia were probably in the regional 
pollen rain by about 1875, based on introductions in the 1860's and a decade for the 
development of a substantial pollen cloud. Significant increases in the regional flux of 
pollen are likely to have occurred when plantations of Pines were established in New 
South Wales (King 1975; Recher 1982) and Victoria around 1920. This is most likely to 
have affected billabongs in the east of the field area, which are closer to and downwind 
from plantations. 
An alternative sediment chronology, that the first appearance of Pinus pollen 
corresponds with the onset of river regulation (1930; Chapter 2), should be considered 
because of the importance of separating the impacts of farming and river regulation on 
billabongs. 
Limited analyses of 137Cs and excess 210Pb are used to help evaluate the validity of Pinus 
pollen as a post-settlement marker. Detectable levels of 137Cs fallout should appear in 
cores from around 1955, following the onset of thermonuclear weapons testing (Wise 
1980; Torgersen and Longmore 1984). The peak in 137Cs fallout is around 1964, and 
fallout drops off markedly in the early 1970's (Torgersen and Longmore 1984). 
However, 137Cs stratigraphy depends on supply mechanisms to the lake, reworking 
within the lake, dilution by sediments with low activity, and diffusion of 137Cs through 
the profile (Wise 1980; Torgersen and Longmore 1984; Bishop et al. 1991). 
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Lead-210 is produced in the atmosphere continuously, and its fallout and deposition in 
lakes (unsupported 210Pb) supplements continuous 210pb production in the sediments 
(supported 210pb ). The stratigraphy of 210pb depends on the amount of parent nuclides 
in the sediment (for supported 210Pb), the supply to the billabong of unsupported 
210Pb, reworking of this within the lake, and the decay of the unsupported 210pb (the 
half-life of 210pb is 22 years; Wise 1980), although the potential for 210pb diffusion exists 
(Wise 1980). If initial 210pb concentrations are great enough and little diffusion of 137Cs 
is occurring, then unsupported 210pb should be found deeper in the stratigraphic 
profile than 137Cs. 
Chemical stratigraphy 
Translation of the stratigraphy of loosely bound sedimentary phosphorus to estimates 
of external phosphorus loading relies on an unchanging mechanism of supply and 
constant conditions for preservation (Jones and Bowser 1978; Engstrom and Wright 
1984). If all other factors are constant, an increase in the phosphorus load of the lake 
water will lead to an increase in phosphorus stored in the sediments. Dissolved 
phosphorus enters the sediments bound to organic matter or iron hydroxide gels. It is 
either retained, usually as diagenic products, or cycled back to the water column 
depending on, amongst other things, redox conditions and authigenic iron 
concentration. 
An indication of palaeoredox conditions of the sediment surface and profundal water is 
obtained from observations of sediment structure and measurements of organic matter, 
authigenic iron and manganese, and mineral composition. 
• Preservation of laminae indicate the absence of benthic invertebrates and fish, and 
imply reducing conditions at the sediment surface if the sedimentation rate is low. 
However, only a brief period of oxidising conditions in a general phase of reducing 
conditions may lead to the destruction of laminae by bioturbation. 
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• Organic matter breakdown is slower in reducing environments (Brinson et al. 1981), 
and greater preservation may result. The value of this indicator drops if organic 
matter supply varies widely through time. 
• The interpretation of Fe and Mn stratigraphy is not straightforward. The 
concentration of sedimentary Fe and Mn depends on their supply to, storage, and 
release from the sediments Gones and Bowser 1978; Engstrom and Wright 1984). 
The supply of Fe and Mn hydroxides is high in oxidising conditions as these fine-
textured solid phases are winnowed from shallow sediments and deposited at 
depth. The metals are also complexed with organic matter, and supply will increase 
as organic matter deposition increases. 
Preservation depends on organic matter breakdown, for the release of the metals, 
and redox conditions Gones and Bowser 1978; Engstrom and Wright 1984). As 
profundal billabong water becomes reducing Fe and Mn hydroxides dissolve and 
the reduced elements diffuse back into the water column, which has much lower 
concentrations of these elements, along with Fe and Mn in equilibrium with mineral 
phases. The Fe and Mn may then be redeposited in shallower, oxidised zones, 
maintaining the diffusion gradient away from the profundal sediments. Mn is more 
easily mobilised than Fe, so that in intermediate redox conditions, the Fe:Mn ratio 
should decrease. 
It is clear that events leading to more reducing conditions may have mixed effects 
on Fe and Mn stratigraphy. For instance, increased organic matter deposition 
should increase Fe and Mn supply, but lower the redox potential, decreasing Fe and 
Mn storage. Furthermore, a number of factors other than redox can affect Fe and Mn 
preservation (Engstrom and Wright 1984). Still, Fe and Mn are sensitive to redox, 
and changes in redox might lead to a shift in Fe:Mn (e.g. Engstrom et al. 1985, 1991) 
and affect the concentrations of both Fe and Mn in the sediments (e.g. Engstrom et 
al. 1985). 
• Very little of the secondary ferromanganese mineral content in lake sediments is 
due to direct precipitation from lake water, but mainly to organic matter breakdown 
Gones and Bowser 1978). Therefore, the composition of diagenic ferromanganese 
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minerals reflects redox conditions of the sediments since the time of deposition 
(Krejci-Graf 1964). 
5.2 Methods 
5.2.1 Study sites 
Preliminary survey 
Three billabongs were sampled initially to assess 14C dating of bulk sediments and to 
determine the range of variability in the sediments within and between billabongs. 
Ryan's I and II Billabongs and Sawyer's Billabong (table 5.1; appendix figure A2.l), later 
site 14 in the limnological survey, were chosen because they appear to be end-members 
with respect to age and isolation from the river (descriptions in Chapter 2). The Ryan's 
Billabongs are also the focus of long-term research being carried out at the Murray-
Darling Freshwater Research Centre. 
Primary billabongs studied for chemistry 
The main focus of this Chapter is on eight billabongs selected from the limnological 
survey (Billabongs 9, 11, 13, 21, 23, 25, 32, and 38; appendix figure A2.l). Two billabongs 
from each category of a farming by regulation matrix were cored (table 5.1). Billabong 
selection was made on the basis of size and permanence. Relatively permanent 
billabongs are likely to have better fossil cladoceran preservation than ephemeral 
billabongs, and larger billabongs are less likely to have idiosyncratic fossil assemblages. 
These criteria were hardest to fulfil on unregulated floodplain, where the numbers of 
large billabongs in the survey are lower than on regulated floodplain, and access to 
several of the best sites of the coring rig was not possible. Billabongs 11, 23 and 25 in 
particular are fairly small in comparison to the other 5 billabongs. 
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Supplemental coring 
Billabong 13 was found to have poor preservation of Cladocera (Chapter 6) and a 
sediment core from another Fanned/Regulated billabong, Hogan's Billabong, was 
obtained from the same area (appendix figure A2.l; table 5.1). 
A short core was recovered from Billabong 19. Billabong 19 is low-lying and flooded by 
irrigation flows. Sampling for surface assemblages of Cladocera revealed a sharp 
boundary between organic rich and organic poor sediments that may correspond with 
the onset of river regulation (see below). This core was taken for comparison of the 
onset of regulation and Pinus stratigraphy. 
5 .2.2 Core recovery 
All cores were recovered from the deepest sections of billabongs, except for Hogan's, 
Ryan's I & II and Billabong 14. Cores were obtained along a transect in Ryan's II, in two 
spots in Ryan's I, and along two arms and in the main channel of Billabong 14 
(appendix figures A5.l-A5.3). The deepest point in Hogan's Billabong was beyond the 
depth limit of the coring gear, and a shallower site on the slope of the east arm was 
selected. Cores were obtained from the midpoint of Billabongs 9, 11, 19, 21, the north-
east part of Billabong 13, the south arm of Billabong 23, the north end of Billabong 25, 
the east end of Billabong 32, and the east arm of Billabong 38. 
Cores were obtained from Ryan's I & II billabongs and Billabong 14 using a 
hydrualically powered 'Jackro' coring rig mounted on a raft and set up for push-coring 
and augering. Core tubes ~50 cm long were pressed into the sediment, then the hole 
was augered to the depth cored and the next core tube pressed into the sediments until 
either a sand layer was encountered that fell out the bottom of the core barrel 
(Billabong 14), or the sediments became too stiff to press into (Ryan's billabongs). A 
piston was inserted into the core barrel to help retain the sediments when the barrel 
was extracted from the sediments. 
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For all the remaining billabongs except Billabong 19, long cores were obtained by 
erecting scaffolding in the water, and pounding a long section of 80 mm PVC pipe 
containing a piston into the sediments. The piston was fixed and the pipe then winched 
out of the sediments. Short cores from Billabong 19 were taken about 10 m apart and 
obtained using the gravity corer described in Chapter 4. 
Table 5.1 Characteristics ofbillabongs and sediment cores investigated in Chapter 5. 
On regulated 
Billabong Number of cores Core length(s) (cm) Near a farm? floodplain? 
Preliminary 
survey 
Ryan's I 2 125 -210 yes yes 
Ryan's II 6 30 - 205 yes yes 
Billabong 14 3 75 -180 no yes 
Primary 
survey 
(chemistry) 
Billabong 32 1 226 no yes 
Billabong 38 1 270 no yes 
Billabong 9 1 215 yes no 
Billabong 25 1 147 yes no 
Billabong 21 1 141 no no 
Billabong 23 1 240 no no 
Billabong 11 1 160 yes yes 
Billabong 13 1 131 yes yes 
Supplemental 
Hogan's 1 251 yes yes 
Billabong 19 1 27 no yes 
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5 .2.3 Chronology 
Radiocarbon 
Samples for radiocarbon dating from Billabong 14 and the Ryan's I and II Billabongs 
were bulk sediment samples; no wood was encountered. Only the fine fraction ( <500 
µm) was used for dating because of the potential for root penetration from aquatic 
macrophytes or bordering trees (Gupta and Polach 1985). Pieces of wood encountered 
in cores from billabongs 11, 23, 32 and 38 were also radiocarbon dated. 
Samples for radiocarbon dating were processed at the Quaternary Dating Research 
Centre of Australian National University. The pretreatment and dating procedure is 
outlined in Gupta and Polach (1985). Pretreatment of whole sediment samples entailed 
an acid washed (hot 10% HCl), and two fractions were solvent extracted (NaOH) for 
dating. The NaOH soluble fraction includes humic acids and degraded cellulose. The 
NaOH insoluble fraction includes plant remains. For wood samples, the surface of the 
wood was scraped clean and the wood chopped up into small splinters. Further 
pretreatment was as follows: 
a) ANU 8587-8590, 8850 --- washed in hot 10% HCl, rinsed and dried. 
b) ANU 9399 --- washed in demineralised water, treated with sodium chlorite to leave 
holocellulose, washed in 2.5% NaOH and 10% HCL 
c) ANU 8362, 8363 --- solvent extracted, treated with hot 10% HCl, rinsed, dried, boiled 
in 2.5% NaOH (NaOH soluble portion, dated), treated with 10% HCl, rinsed, dried 
(NaOH insoluble portion, dated). 
Lead-210 and Caesium-137 
Samples for 210pb and 137Cs dating were processed at the CSIRO Division of Water 
Resources in Canberra. Procedures and models for 210Pb and 137Cs dating are found in 
Wise (1980), Oldfield and Appleby (1984) and Appleby et al. (1986). Samples were 
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dried, ashed at 450 °C for 48 hours and pulverised. Samples for gamma counting were 
cast in moulds, rested 28 days, and counted. Lead-210 and 137Cs dating was performed 
on sites 21 and 38, which appear from the results of the Pinus to have relatively low and 
high sedimentation rates respectively for the billabongs surveyed. 
Pinus pollen 
Pinus stratigraphy was determined for sediment cores from sites 9, 11, 19, 21, 23, 25, 32, 
38 of the limnological survey, and also Hogan's Billabong. The Pinus extraction method 
is new, although it is based on an old technique for pollen extraction by sieving of 
sediments. The method is a modification of the Cladoceran extraction method 
(appendix 1), and was developed after Pinus grains were noticed in the cladoceran 
preparations. The extraction and counting of Pinus grains is far faster, easier and more 
sensitive by this method than traditional techniques. For example, processing and 
counting of 4 samples takes 2 ~ - 3 hours, about 2 - 4 times faster than traditional 
techniques (personal experience), and grains in 1 - 2 ml of sediments are counted, 
compared to around 0.04 - 0.10 ml of sediments normally counted using traditional 
techniques. 
The Pinus pollen is extracted from 1-2 ml of sediments in a similar manner to that for 
chydorid fossils (appendix 1), except that the fraction isolated is the 35-65 µm fraction, 
the sample is run down the water column for up to 8 minutes, the sample is not 
dewatered, and the whole sample is counted under a dissecting scope at 160x 
magnification. To aid in recognition the Pinus grains are stained pink by putting 8-10 
drops of saffranin (dissolved in 50% ethanol) in the hot 10% KOH. Considerable care 
needs to be taken to prevent contamination by Pinus pollen in the air, and blanks are 
occasionally run to test that the system is clean. Results are expressed as# grains per ml 
wet sediment. 
For several samples from cores taken from Billabongs 9, 13 and 14, traditional pollen 
preparation techniques were used (i.e. chemical dissolution of sediments using HCl, 
HF, H2S04/acetic anhydride; mounting about 1/20th of the sample on a slide). 
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5.2.4 Chemistry and lithology 
The methods below are a slight modification of those found in Engstrom and Wright 
(1984). The extraction procedure is designed to recover authigenic phosphorus and 
metals, and biogenic silica (Chapter 6), leaving behind allogenic material. 
Chemical Extraction 
To remove organic matter (except some refractory material), one gram of wet sediment 
was added to 25 ml H202 in a small flask at room temperature in the morning. In the 
evening, 10 ml of H202 was added and the flask and it was placed in a 50°C water bath 
overnight. The next day presence of residual H202 was determined using lead acetate 
strips. If present, the solution was heated to 90-95°C to degrade the remaining H20 2 . 
Loosely bound phosphorus, iron and manganese were extracted using a weak acid. The 
flask was brought to 45 ml using distilled water, and 5 ml 3N HCl was added to make a 
0.3N HCl solution. It was then placed in a 90-95°C water bath for 30 minutes to extract 
carbonates and amorphous oxides. The extract was separated from the sediment 
residue by pouring into a suction/ filtration device fixed with a 0.45 µm millipore filter. 
The flask was rinsed with distilled water once and this was added to the filter. The 
filtrate was brought to a volume of 100 ml with distilled water. 
Chemical Measurement 
Phosphorus 
Phosphorus was reacted with a molybdate solution and analysed 
spectrophotometrically. The method is detailed in Bengtsson and Enell (1986). Samples 
were diluted as needed, and standards made up from KH2P04 were also run. 
Phosphorus values were converted to mg PI g dry sediment using sediment bulk 
density. 
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Iron and Manganese 
Iron and manganese were measured by atomic adsorption. Fe samples were usually 
diluted with distilled water to about 1:20, and Mn were run undiluted. Two ml of 
calcium solution (0.63 g CaC03/l) were added to 8 ml of sample before being assayed. 
Standards were also assayed to create a standard curve for determining concentrations 
in samples. Fe and Mn values were converted to mg Fe or Mn/ g dry sediment using 
sediment bulk density, and atomic ratios calculated for some analyses. 
Organic matter 
Organic matter was determined by a wet oxidation method after Schollenberger (e.g. 
Allen 1974). This method was preferable to loss on ignition due to the retention of 
water in clay-rich sediments after evaporation at 110 °C. Two samples from different 
cores were run for comparison of the methods. Organic matter content by wet oxidation 
was 2.3 and 2.4%, but loss on ignition estimates were 6.3 and 6.7%, respectively. Loss on 
ignition overestimated organic content by more than a factor of 2 in these sediments, so 
wet oxidation was used for the analysis. 
For wet oxidation, 0.5 to 25g of dried, pulverised sediment is digested at 180°C in a 
solution of 10 ml lN K2Cr207 and 20 ml 36N H2S04 with 1 % AgS04 added. This is 
cooled and diluted to 300 ml in an Erlenmeyer flask, and 5 ml of 36N H2P04 with 0.2 
NaF and 1 ml diphenylamine sulphonate indicator added is added to the flask. This is 
back-titrated with 1 N FeS04 until the solution turns green. A starch standard is also 
run. The assay yields an estimate of carbon, which is converted to organic matter by: 
%(dry weight) organic matter= l.72C (Jim Caldwell, pers. comm. 1993). 
General lithology and mineral composition 
The structure of the sediments is described from core logs and x-ray photography, 
which yields positive images (dense sections are darker). Colours were logged using a 
Munsell standard soil chart. Texture was estimated by examination of the cores. Ten 
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sediment s~mples were picked from cores and analysed for their mineral content by x-
ray diffraction (XRD). 
5.2.5 Supporting evidence 
Sediment trap 
A sediment trap (Flower 1991) was put in place in Billabong 21 on 28/12/92 and 
retrieved on 22/2/94 (floods prevented an earlier retrieval). 
Radiocarbon/OSL comparison 
The veracity of radiocarbon dated on the Murray floodplain is further tested by a single 
comparison of a radiocarbon age returned from wood at 7.7 m depth in the Albury 
Gravel Pit, and an Optically Stimulated Luminescence (OSL) date of fine sand 
overlying the wood by 3.5 m. The OSL dating method used is described by Spooner 
(1994). 
5.3 Results and discussion- methodology 
5.3.1 Chronology 
Veracity of radiocarbon ages 
The results of radiocarbon dating of bulk sediments are very different to the ages 
returned from samples of wood (figure 5.1; more detailed stratigraphy in figures 5.3-
5.11, below, and appendix 5). Age inversions are common in the bulk sediment 
samples. Five out of 12 ages from NaOH insoluble material are inversions, as are 4 of 12 
ages returned from NaOH soluble material. Three 'modem' dates are found well below 
the sediment surface, interspersed amongst dates of 1000-2000 years BP. NaOH soluble 
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and insoluble fractions of bulk sediment samples often have discordant ages (figure 
5.1), and neither fraction is consistently older than the other (figure 5.2). In contrast, no 
inversions occur amongst dates derived from wood, and no spurious 'modem' dates 
are found. 
The results from fine-grain carbon, both alkali-insoluble and soluble fractions, cast 
doubt on the usefulness of radiocarbon ages derived from bulk sediments in this study. 
Discrepantly old ages may be caused by older refractory carbon being reworked from 
the catchment (cf. Long et al. 1992), or by older soluble carbon in groundwater (Drury et 
al. 1984) being incorporated into the sample. Falsely young ages may be caused by 
downward percolation of soluble carbon compounds (Kigoshi et al. 1980), or 
degradation compounds from rotting roots. However, no criteria were identified which 
would allow one to recognise a valid age measurement from these data, and none of 
the fine fraction 14C dates are utilised in any way. In contrast, the radiocarbon ages of 
wood are sensible within cores, and can now be compared with the results from other 
chronological methods. 
Lead-210 chronology 
Billabongs 21 and 38 were examined for their stratigraphy of excess 210Pb (figures 5.1 
and 5.3). The maximum concentration of excess 210Pb (expressed as mean ± 2 s.e.) in 
sediments from Billabong 21 is 33 ± 24 Bq/kg at 9 cm depth, and for Billabong 38 a 
concentration of 29 ± 20 Bq/kg at 32 cm depth. Surface concentrations in the cores are 
lower than maximums: 8 ± 21 Bq/kg and are 20 ± 18 Bq/kg for Billabongs 21 and 38 
respectively. The shallow tray of the sediment trap in Billabong 21 returned two excess 
210Pb estimates of 19 ± 10 Bq/kg and 24 ± 11 Bq/kg, and the column part of the trap 32 ± 
7Bq/kg. 
Since the peak of unsupported 210Pb in both cores analysed is below the surface, either 
diffusion has occurred, or the supply, redistribution or dilution of 210Pb is different now 
than in the past (Wise 1980). It is not possible distinguish between these alternatives 
based on the available data, and there are no a priori reasons to argue that a particular 
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Figure 5.2 A comparison of radiocarbon ages from alkali soluble and insoluble fractions of bulk 
sediment samples. 
210Pb chronological model (Oldfield and Appleby 1984) applies. Therefore, the data can 
not be used to construct a detailed sediment chronology. 
The excess 21°Pb profiles may still be used to signal recently deposited sediments. 
Assuming a constant initial concentration (CIC) of about 32 Bq/kg at deposition 
(-mean of the maximum concentrations observed in the 2 cores and sediment trap), 
standard errors of individual samples need to be less than 8, 4, 2 and 1 Bq/kg to detect 
1, 2, 3, and 4 half-lives (22, 44, 66, 88 years) respectively (using 2 times s.e.). However, 
consecutive samples generally have similar mean levels of excess 21°Pb, which supports 
the veracity of individual measurements in spite of the uncertainty introduced by 
counting error. Therefore, assuming CIC and accepting that consecutive low 210Pb 
readings (-4 - 8 Bq/kg) are accurate in spite of counting error, the limit of the 210Pb 
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Figure 5.3 Stratigraphy of 137Cs and excess 210Pb (Bq/kg) in sediment cores from Billabongs 21 
and 38. 
method is about 3 to 4 half-lives, or around AD 1910 to 1930. Age-estimates will be too 
old if initial concentrations of excess 210Pb were less than 32 Bq/kg and too young if 
initial concentrations were more than 32 Bq/kg. 
Using this approach the base of the excess 21°Pb profile in the core from Billabong 21, at 
13.5 cm, is 10 Bq/kg, which is just less than 2 half-lives, translating to -AD 1950. Excess 
210Pb in the next deepest sample, at 15.5 cm, is indistinguishable from zero, as are 
subsequent samples. Thus sediments from 15.5 cm and below are suggested to be older 
than AD 1910 - 1930. 
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For Billabong 38, excess 21°Pb at the base of the profile at 75.5 cm, is 16 Bq/kg, which one 
half-life, translating to -AD 1970. Excess 21°Pb in the next deepest sample, at 91.5 cm, is 
9 ± 22 Bq/kg, and all subsequent samples are indistinguishable from zero. Thus the 
sediments below 91.5 cm are interpreted as older than AD 1910 - 1930. 
If the excess 21°Pb age estimates for Billabongs 21 and 38 are correct then sedimentation 
rates have varied drastically in the post-settlement period, with rates rising sharply 
recently. This is contrary to expectations based on evidence of an intense phase of gully 
erosion early in the European settlement period followed by a degree of stabilisation 
(Prosser And Winchester 1996). More likely is the scenario that the initial 
concentrations of excess 21°Pb in billabong sediments have varied markedly through 
time. Therefore, considered alone, excess 21°Pb signifies post-settlement sediments, with 
poor resolution within the post-settlement period, although a likely scenario is for 
excess 21°Pb to be apparent in sediments deposited after 1910 - 1930 if consecutive 
sediment samples are considered or counting errors on individual samples are low. 
Agreement between chronological methods 
137 Cs and 210Pb 
137Cs occurs deeper than 210Pb in Billabong 21 but not in Billabong 38 (figures 5.1 and 
5.3). This may indicate 137Cs diffusion in Billabong 21. The mobility of 137Cs is well 
documented (Wise 1980; Torgersen and Longmore 1984), and since 14C ages off of fine-
grained material indicate that carbon is moving through the sediments it is possible 
caesium is as well. If the current low rates of the supply of unsupported 21°Pb to 
billabongs occurred throughout this century, then sediment chronology based on 137Cs 
and 210Pb stratigraphies substantially agree. Conversely, if the supply of 210Pb to the 
billabongs in the past was greater than at present, then the coincidence of 137Cs and 210Pb 
at depth in the cores means 137Cs has diffused down the sediment column. 
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14C and OSL 
An Optically Stimulated Luminescence (OSL) derived age of 10,110 ± 1,260 BP from 
sands overlying a piece of wood in the Albury gravel concurs with the radiocarbon age 
of the wood (10,440 ± 70 BP; ANU 9399). 
Lithology, 210Pb, 137Cs, 14C and Pinus pollen 
Billabong 19 is low lying and close to the Murray River. It is flooded by even irrigation 
flows in summer, so is bound to be more permanently wet now than prior to river 
regulation. A sharp boundary was found at 10 cm depth in 4 short sediment cores from 
Billabong 19 (figure 5.7, below). Darker colour, greater organic matter and water 
content above 10 cm compared to below this are suggestive of greater wetting of 
surface 10 cm, which is interpreted as the onset of river regulation in the 1930's 
(Chapter 2). The Pinus stratigraphy from one core extends beyond the bottom of the 
core at 25 cm, as would be expected if 10 cm corresponds to 1930. 
In Billabong 11 (figure 5.5, below), brown laminated sediments just below the Pinus 
horizon could well represent sediments introduced as slope wash off the adjacent hill 
when the vegetation was cleared (see below), which preceded the planting of Pinus 
trees in most of the region (Chapter 2). 
Several age-estimates for sediments using independent radio-isotopic methods are 
consistent with the concept of Pinus pollen as a post-settlement marker. 
• First, Pinus pollen from Billabongs 21 and 38 is present in sediment samples 
below the 137Cs and 210Pb profiles, which is to be expected if the Pinus pollen rain 
began in the late 1800's and excess 21°Fb indicates sediments deposited in the 
1900's. 
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• Second, a wood sample from 121 cm depth in Billabong 38 has an age of either 
AD 1850 or AD 1955 (102 ± 2% modern ANU 8590), compared to the first 
appearance of Pinus pollen at 115 cm. The modern standard is calibrated to 1850 
levels of 14C to 12C. For the period from 1850 to -1950 carbon fixed by plants was 
depleted in 14C by the burning of fossil fuels that are pure 12C (Suess 1955). The 
amount of 14C fixed in plants returned to that of 1850 with atomic bomb-release 
of 14C in the 1950's, with greatly elevated 14C following the late 1950's (Gupta and 
Polach 1985). The 14C age of 1850 is more likely than is 1955, since the latter 
would require an absence of Pinus pollen production for more than 2 decades 
after the establishment of pine plantations. 
• Third, all 3 dating methods {137Cs, 21°Pb, Pinus pollen) are consistent in indicating 
that the sedimentation rate is higher in Billabong 38 than Billabong 21. 
• Lastly, in Billabong 23, an age of 410 ± 60 BP (ANU 8362) lies 27 cm below the 
first appearance of Pinus pollen at 25 cm depth. 
In contrast, radiocarbon dating from Billabong 32 supports neither alternative 
considered above. An age from wood of 850 ± 160 (calibrated age of 790 BP; ANU 8589) 
occurs in the lower part of the Pinus profile from Billabong 32. Additionally, a wood 
age of -2000 BP (depending on the fraction; ANU 8363) immediately underlies the first 
appearance of Pinus in this core. These discrepancies may have arisen from a delay 
between the death of the tree and when the wood fell into the billabong, or between 
when it fell into the billabong and was buried, or possibly by root penetration. On the 
contrary, they may indicate that Pinus pollen has migrated down into older sediments. 
Conclusions 
Radiocarbon as a pre-settlement chronometer 
Radiocarbon dates on wood are useful for determining sediment chronology on the 
scale of thousands of years, but individual ages may be in error by hundreds of years. 
Radiocarbon dating of bulk sediments provides unreliable age-estimates. 
Pinus pollen as a post-settlement marker 
The independent chronological data generally support the use of Pinus pollen as a 
postsettlement marker (table 5.2); only one set of radiocarbon dates refute this. 
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Table 5.2 Summartt of evidence for Pinus pollen as a post-European settlement marker. Bb = Billabon~. 
Contrary evidence to Pinus 
First appearance of Pinus First appearance of Pinus pollen as a post-settlement 
pollen is the late 1800's pollen is about 1930 marker 
Bb 38: interpretation of the 14C Bb 38: interpretation of the 14C Bb 32: 14C age 790 BP (ANU 
age 6 cm below the deepest age 6 cm below the deepest 8589) at the base of the Pinus 
Pinus pollen (ANU 8590) as Pinus pollen (ANU 8590) as profile and an age of -2000 
AD1850 AD 1955 BP (ANU 8363) just below 
Bb 23: 14C age 410 BP (ANU Bb 23: 14C age 410 BP (ANU 
8362) lies 27 cm below the 8362) lies 27 cm below the 
deepest Pinus pollen deepest Pinus pollen 
Bb's 21 & 38: deepest Pinus Bb' s 21 & 38: deepest Pinus 
pollen is below the profiles of pollen is below the profiles of 
137Cs (-AD 1950) and excess 137Cs (-AD 1950) and excess 
21
°rb (interpreted as -AD 210Pb (interpreted as -AD 
1910) 1950) 
Bb 19: Pinus pollen occurs at 
least 15 cm below a change in 
lithology at 10 cm interpreted 
as indicating the onset of 
river regulation (-AD 1930) 
Bb 11: Pinus pollen appears 
just above a layer interpreted 
as slopewash, that may have 
accompanied initial tree 
clearance 
Unfortunately, the data do not conclusively support or refute the proposition, based on 
historical records and Pinus biology, that Pinus pollen should first appear in the fossil 
record in the late 1800's (see Chapter 5 Introduction). Nor do the data support an 
alternative, that Pinus does not appear in the fossil record until 1930. The balance of the 
evidence slightly favours the former alternative, based on lithological data and a 
radiocarbon date from Billabong 38. Therefore, it is concluded that the best 
interpretation is that the first appearance of Pinus pollen in billabong sediments is in 
the late 1800' s. 
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Because of a lag between first settlement (1850's) and the planting of Pinus, up to a 
couple of decades may have passed between first settlement and the initiation of Pinus 
pollen deposition in billabongs. Conversely, Pinus pollen has the potential to be mixed 
down the profile. Therefore, the first appearance of Pinus pollen is interpreted as 
indicating 1875 ± 20 years. 
Where Pinus concentrations are far greater at the surface than at depth, it is possible 
that little or no sedimentation is occurring, and the Pinus falling on the sediment 
surface is being mixed with deeper sediments, or is introduced to deeper sediments 
during the coring process. This pattern is found most strongly in Billabongs 11, 19 and 
23. However, the independent lithological evidence in Billabongs 11 and 19 suggest that 
in these billabongs the sediments and Pinus pollen accumulated gradually over long 
periods. 
5.3.2 Chemical parameters and criteria for interpreting palaeoredox 
Within individual cores, chemical zones are constructed on the basis of co-occurring 
changes in chemical stratigraphy, structure, texture and colour, or marked variation in 
single parameters. This process is first illustrated for one core, and then the criteria for 
interpreting palaeoredox are developed by comparing the characteristics of the 
chemical core-zones from all sediment cores. 
Construction of stratigraphic zones 
The construction of chemical zones is demonstrated for the core from Billabong 9 
(figure 5.4). The settlement boundary is near 85 cm based on the first appearance of 
Pinus pollen at this level. 
There are four zones in this core. Zone I is composed of the surface 84 cm of laminated 
and unstructured muds that are exceptionally unconsolidated (70% water), have low 
phosphorus concentration and elevated levels of atomic Fe:P. 
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Zone II is mainly unstructured mud starting at 84-85 cm with a thin black organic band 
and finishing at a band of yellowish red mottling at from 107 to 113 cm. Zone II mud is 
better consolidated than overlying Zone I, and the top two samples in Zone II are 
organic-rich. Zone II has the lowest levels of Fe:P in the core, higher phosphorus than in 
Zones I and II, and lower Fe and Mn than in zone I. 
Zone III, from 113 to 180 cm, is made up of laminated and unstructured dark olive gray 
mud. Organic matter concentration at the top is generally as in Zone I but increases 
with depth. Phosphorus levels are lower, and Fe/Pis higher, than in Zone II. 
Basal zone IV, from 180 to 212 cm, is composed of dark olive gray to black laminated 
mud. The laminations of zones III and IV are more pronounced than those in zone I, 
being both wider (up to 2 mm) and clearer to the naked eye. Zone IV muds are organic 
rich (~ 10%) and have very high phosphorus, iron and manganese concentrations 
compared to other core zones. In spite of this, ratios of Fe:P and Fe:Mn are generally 
comparable to zone III, where metal and phosphorus concentrations are much lower. 
The exception is Fe:Mn at 185 cm, which is elevated to 137. Vivianite was identified by 
XRD from 214 cm, and may also be present at 205 cm where white specs are found that 
turn blue when exposed to air. The phosphorus levels in zone IV are the highest found 
in any core-zone. 
Criteria for interpreting palaeoredox 
The chemical zones are thus constructed for all cores (table 5.3), and then zones are 
grouped either on the basis of their organic content or sediment structure and level of 
mottling. Zones classified on the basis of their organic content (table 5.4) cluster into 3 
broad groups: organic rich (7-11 %), intermediate (2.6-5.3%), and organic poor (0.5-
1.2% ). Zones are divided into four groups on the basis of structure and the presence of 
mottling (table 5.5): predominantly laminated, mixed laminated/unstructured, 
predominantly unstructured, and unstructured with yellow-brown mottling. Zone II 
from Billabong 11 has been excluded from this analysis because the density the laminae 
in this zone and their colouration lead to a unique interpretation for this zone 
compared to the other core-zones (see below). Zones 13 I and 21 II are not included in 
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Figure 5.4 The stratigraphy of a 212 cm sediment core from Billabong 9, which is farmed but not 
regulated. The dotted line in the profile of sediment structure denotes a phase change from less dense 
sediments above to more dense sediments below; thicker lines depict thicker laminae. Bars in the Pinus 
plot are ln counts, numbers are linear counts. Roman numerals denote stratigraphic zones. 
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the structure-groups because their structures are blocky and blocky /laminated, which 
are unique occurrences. 
The average chemistry of the zone-groups can now be compared for evidence of redox 
conditions. By averaging the chemistry for zones from a number of billabongs it is 
assumed that differences between the billabongs are minor and therefore do not bias 
the averages. Strictly speaking, this is unlikely to be the case. However, the billabongs 
all arise from the same substrate (cf. van der Valk and Bliss 1971), with differences in 
physicochemistry more related to depth than location (Chapter 3). 
Zones grouped on the basis of their organic content have contrasting chemistry (table 
5.4). Organic rich sediments have high water and phosphorus contents, and low atomic 
Fe:P relative to organic poor sediments. Iron and manganese levels are quite variable in 
organic rich sediments, but generally elevated compared to organic poor sediments. 
Organic poor sediments are represented by only 3 samples, but samples with moderate 
organic content have intermediate chemistry to organic rich and poor sediments. 
Atomic Fe:Mn does not vary much between groups; zones with intermediate organic 
levels have the highest mean Fe:Mn, but differences in the means between zone-groups 
are small compared to variability in the data. 
A similar picture emerges if zones are grouped on the basis of sediment structure (table 
5.5). Laminated sediments have high organic matter and so have the chemistry of the 
'organic rich' class in table 5.4, although these groups have one member different (38 IV 
is 'intermediate' rather than 'organic rich', and 9 II is 'unstructured' rather than 
'laminated'). The organic poor group (table 5.4) and mottled group (table 5.5) have the 
same zonal composition. It follows that the 'unstructured' and 
'laminated/unstructured' structural groups have the same chemistry as the 
'intermediate organic content' group. Massive sediments have about the same 
chemistry as sediments that are a combination of unstructured and laminated. 
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Table 5.3 Chemical characteristics of core zones. Values are mean plus or minus one standard deviation. 
Structural classes are lam=laminated, un=unstructured, mo=mottled, and bl=blocky. Minerals are 
V=vivianite, J=jarosite, S=siderite, M=magnetite. 
obs. of •sample 
depth %dry %org. p Fe Mn atomic atomic min- ex-
zone structure cm seds matter mg/g mg/g mg/g Fe:P Fe:Mn era ls eluded 
91 lam=un 0-84 30±8 2.9 ±0.8 0.47 ± 0.21 15±5 0.27 ± 0.09 18 ±4 53±7 
9 II un>mo 85-113 55 ±6 7.5 ± 4.9 2.02 ± 0.59 8±2 0.20± 0.06 2±0.7 39 ±6 
9ill un 113-180 65± 13 5.3 ± 2.3 1.13 ± 0.28 10±3 0.16 ±0.03 5±0.5 60±8 
9IV lam 180-212 45±9 10.4 ± 5.5 5.21 ±2.37 41±16 0.76 ± 0.46 5±1.5 66±47 v 
11 l un 0-29 57±8 4.0 ± 2.3 0.48 ± 0.22 14±8 0.08 ± 0.01 17± 12 176± 86 
11 II lam 29-60 68±2 1.2 ± 0.3 0.16 ± 0.10 16±3 0.10 ± 0.03 71 ±40 181±72 
11 III un>mo 60-140 53±5 3.1±0.9 0.40 ± 0.24 10±3 0.12± 0.02 16±4 84±23 
11 IV lam 140-156 63±5 4.5 ± 0.4 0.23 ± 0.03 14± 1 0.12 ± 0.01 34±2 119±11 
13 l mo=bl 0-50 60±3 3.3 ± 0.7 0.33 ± 0.17 16±7 0.26 ± 0.14 28±8 73±49 J 
13 II mo 50-133 71 ±3 0.8 ± 0.2 0.13 ± 0.07 11 ±4 0.21±0.11 55± 19 60±22 
21! un 0-45 62±2 2.8 ± 0.4 0.27± 0.04 9±1 0.12± 0.01 18±1 73±7 
21 II bl=lam 46-63 47±5 9.0 ± 7.5 0.58 ± 0.19 10±4 0.07 ± 0.04 9 ±0.5 206±185 
21m un 63-114 58±4 4.2 ± 0.7 0.22 ± 0.05 7 ± 0.5 0.12±0.03 19±4 63±25 
21 IV mo 114-140 74±1 1.2 ± 0.1 0.14 ± 0.002 6±0.2 0.13 ± 0.3 24± 1 42± 10 
231 un 0-140 64±5 2.8±1.5 0.27 ± 0.17 9±2 0.14± 0.04 20±6 66±26 
23 II lam 140-240 44± 10 11.1±4.3 0.29 ± 0.07 13±3* 0.29 ± 0.08• 25± 7 45± 14 v 225cm 
251 un>lam 0-70 58±6 3.7 ±2.1 0.18 ± 0.05 16±6 0.17 ± 0.09 50± 13 108 ± 48 
25 II un 70-110 59± 15 4.7 ±3.5 0.20 ± 0.04 11 ±3 0.20 ± 0.06 30± 7 60 ±33 
25 III un>mo 110-147 76±3 0.5 ± 0.3 0.08 ± 0.01 4±1 0.17 ± 0.02 31±8 25 ±8 
321 un 0-75 53±5* 3.8 ± 0.5* 0.33 ± 0.06 11±1• 0.17± 0.02• 18±3 64± 7 65cm 
32 II lam>un 75-218 58±7 3.5 ± 2.4 1.19 ± 0.67 21 ±6* 0.74± 0.66* 13± 7• 36±12 S,M 135cm 
38 l un 0-80 48 ±9 3.4 ± 0.5 0.55 ± 0.15 12± 1 0.26 ± 0.04 13±2 47± 10 M 
38 II un=lam 80-130 57±4 3.8 ± 0.3 1.03± 0.27 24±6 0.49 ± 0.39 14±5 75±46 S,M 
38 III lam>un 130-190 40±4 7.6 ± 3.0 4.92± 3.03 71 ±49 1.30 ± 0.97 14±20 55±8 S,M 
38IV lam 190-240 56 ±5 2.8±1.2 0.89 ± 0.27 21 ±2 0.27 ± 0.10 14±3 83±26 M 
38V lam 240-270 40±3 9.3 ±2.4 2.65 ± 0.41 28±3 0.39 ± 0.02 6±0.3 72±6 M 
min 0 30 0.5 0.08 4 0.07 2 25 
max 270 76 11.1 5.21 71 1.30 71 206 
Table 5.4 The chemistry of sediments grouped on the basis of levels of organic matter, and the inferred 
redox for each group. Organic matter groups are high (mean for zone of 7.5-11.1%), intermediate (2.6-
5.3%) and low (0.5-1.2%). Values are means plus or minus 2 standard errors. 
mean % 
organic 
matter for # %dry %org. Fe Mn p atomic atomic inferred 
zone zones sed matter mg/g mg/ g mg/g Fe/ P Fe/Mn red ox 
7.5 to 11.1 5 45±5 9.2 ± 1.5 32±23 0.59 ± 0.40 3.02±1.84 10±8 55± 12 reducing 
inter-
2.6 to 5.3 16 56 ±4 3.7 ± 0.4 14±2 0.23 ± 0.08 0.51±0.17 21 ±5 77± 17 mediate 
0.5 to 1.2 3 74 ±3 0.8 ± 0.4 7±4 0.17 ± 0.04 0.12± 0.04 37± 19 42±20 oxidising 
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Table 5.5 The chemistry of sediments grouped on the basis of their structure, and the inferred redox for 
each group. Values are means plus or minus 2 standard errors. Zones 11II,13 I and 21 II have not been 
included in this table (see text). 
# %dry %org. Fe Mn p atomic atomic inferred 
structure b'bongs/ sed matter mg/g mg/g mg/g Fe/P Fe/M red ox 
#zones n 
laminated 3/5 45±6 8.2±3.0 35±20 0.60±0.39 2.79±2.01 13±7 64±13 reducing 
unstruct./ inter-
laminated 4/4 51±14 3.5±0.4 19±4 0.42±0.25 0.72±0.47 25±17 68±31 mediate 
inter-
unstruct. 7/10 57±3 4.3±0.9 10±1 0.16±0.03 0.59±0.36 16±5 73±24 mediate 
mottled 3/3 74±3 0.8±0.4 7±4 0.17±0.04 0.12±0.04 37±19 42±20 oxidising 
The similarity in chemistry of stratigraphic zones grouped on the basis of their organic 
content or their structure highlights the correlation between structure and organic 
content in sediments. Laminated sediments have elevated organic matter content, as 
expected since both characteristics imply reducing conditions (section 5.1.3). However, 
laminated and organic rich zones have the highest concentrations of Fe and Mn; 
ferromanganese coatings are nearly ubiquitous on sediment particles (Jones and 
Bowser 1978), but in reducing conditions redox sensitive Fe and Mn minerals might at 
least partially dissolve and the elements diffuse into the water column. 
Reducing conditions in sediments encourage the production of minerals such as 
magnetite, siderite and vivianite, and related manganese minerals (Krejci-Graf 1964; 
Jones and Bowser 1978). These minerals were detected in limited analyses by XRD and 
from visual observations (table 5.3). Vivianite was found in the 2 most organic rich 
zones, and the presence of vivianite (Fe:P=l) is also suggested more generally from the 
low values of atomic Fe:P found in presettlement sediments of Billabong 9, and some 
samples in Billabongs 32 and 38 (table 5.3), although organically bound phosphorus will 
also lower Fe:P. The ratio Fe:P is usually above 5-10 in iron hydroxides and oxides that 
indicate oxidising conditions (Jones and Bowser 1978). Magnetite and siderite were 
found in unstructured to laminated zones with moderate to high organic matter 
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content. Perhaps the reducing conditions in billabong sediments lead to the production 
of Fe and Mn minerals to an extent that far outweighs losses due to the dissolution of 
hydroxide gels and subsequent diffusion of Fe and Mn into the water column. 
The alternative that the laminae are preserved because they were isolated from the 
activities of invertebrates or other mixing agents by being buried rapidly, rather than 
being formed in a reducing environment, must be considered. This is especially so since 
the majority of sediment transport on the Murray River (Thorns and Walker 1992) and 
the neighbouring Murrumbidgee River (Olive et al. 1995) occurs in low-frequency major 
floods, and significant deposition may occur in some floodplain sections (Olive et al. 
1994). However, rapid burial is unlikely to have caused the laminations for several 
reasons: 
1) Several cm of sediments are required to bury laminations that might have 
formed in the base of the flood deposit. At a sediment concentration of 270 rng/l 
(maxim.urn for 16 years of weekly to monthly monitoring of 8 stations on the 
Murray, Mitta Mitta, Kiewa and Ovens Rivers; Thorns and Walker 1992), 
sediments settling out of a 5 rn water column following isolation of the billabong 
from floods would lead to only about 1 mm of sediment being deposited, 
assuming a bulk density of 1.35 g/rnl. Sedimentation occurring during a flood is 
less easy to predict. However, most of the billabong sediments are fine grained, 
including a large clay component, and fine grained sediments should not be 
deposited much in unvegetated zones, such as where the cores were obtained, 
while flood currents are still passing through the billabong. 
2) If several cm of laminated sediments are deposited by a flood, these should 
alternate with short sections of unstructured sediments, which represent the 
wind or bioturbated sediment surface. Many sections of laminae are contrary to 
this pattern, with no substantial breaks in the stratigraphy of laminae by 
unstructured layers. 
3) If the long sections of laminated sediments (some more than 50 cm) are 
deposited by a flood, this sort of flood event must be very rare indeed. 
Sedimentation rates in presettlernent laminated sections of Billabongs 32 and 38 
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are on the order of 0.5 mm/year (figure 5.1, table 5.6 below). This would require 
a return frequency of 1000 years. 
4) The relatively smooth Pinus and 21°Pb stratigraphy suggests gradual 
sedimentation. Sporadic large-scale sedimentation should produce sections 
where Pinus pollen are in low concentration or absent, and would likely increase 
the variability in the 210Pb stratigraphy (see especially the core from Billabong 
38). Also, large-scale sedimentation would likely lead to a number of zones 
lacking fossils of animals living in the billabongs. As will be seen in Chapter 6, 
such zones occur but are not the norm. 
In one instance rapid burial, rather than reducing conditions, appears to have caused 
the formation of laminae. In zone II of the core from Billabong 11, which underlies the 
Pinus horizon, the laminae are alternating brown and gray colours and have fuzzy 
boundaries. Judging from x-ray photographs, the laminae do not differ in density from 
one another, in contrast to all other laminated sections. The sediments are compact, low 
in phosphorus (16 ± 10 mg/ g), have the highest ratio Fe:P of any zone (71 ± 40), and are 
very low in organic matter (1.2% ± 0.3%; table 5.3). Billabong 11 abuts a hill, and it is 
likely that this zone was formed by sediments washing off the hill into the billabong 
following the clearance of trees. The grey laminae represent a hiatus in sedimentation. 
Either it is brief enough that a less dense layer of material, for instance diatoms or 
organic matter, is not allowed to develop, and the grey represents a small amount of 
organic staining, or the organic matter is mixed into the oxygen rich sediments by 
fauna, creating a grey zone in the surface of the brown deposit. The organic content is 
diluted by the rapid input of inorganics off the hill (cf. Davis and Norton 1978). 
On the basis of organic content, the prevalence of laminae and other features, sections 
of cores that accumulated rapidly can be differentiated from those that were deposited 
more slowly in predominantly reducing conditions. The evidence presented supports 
the interpretation of laminated, organic rich core zones indicating relatively persistent 
reducing conditions. 
At the opposite end of the billabong sedimentary spectrum are the orgaruc poor, 
mottled sediments. Most of the mottling found in is of the 'yellow-brown' variety that 
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in a single sample was found by XRD to be dominated by jarosite (table 5.3; appendix 
table AS.l). The jarosite could be allogenic, but is commonly found as a secondary 
mineral in soils (Doner and Lynn 1989). It is the oxidation phase of pyrite-jarosite, and 
occurs as yellow staining on "structural fades and around pores" in soil profiles (Doner 
and Lynn 1989: 307). Other areas on the floodplain where 'yellow-brown' mottling was 
observed are characterised by fluctuating water tables or ephemeral water: the banks of 
billabongs, shallow floodplain depressions, and the shallow arms of Ryan's II Billabong 
(appendix figure AS.2). Mottling in the upper parts of Billabong 13 was located around 
plant roots, probably due to oxygen released by the roots (Sorrell et al. 1993). 
Furthermore, the low levels of organic matter found in mottled sediments are probably 
related to the enhanced decomposition that has been observed in aerobic sediments 
that are exposed to wetting and drying (Brinson et al. 1981). The mottled and stained, 
organic poor zones therefore represent sediments that are on average oxidising and 
often experience fluctuating water levels. Yellow-brown mottling has also been 
observed in sediments from North American wetlands alternately exposed to wetting 
and drying (Mitsch and Gosselink 1993). 
Massive sediments with moderate organic content probably represent fairly permanent 
wetting but also occur in areas where oxygen levels are sufficient for animals and 
plants to mix the sediments. Redox is therefore intermediate between laminated and 
mottled sediments. Wind-generated currents may also mix the sediments on some 
occasions, but the implication for redox conditions is the same since the currents will 
help mix oxygen through the water column. 
The ratio of Fe:Mn does not consistently vary with sediment structure or organic 
content, and cannot be used on its own to interpret redox conditions. However, a 
change in Fe:Mn between zones may indicate that redox conditions have changed. 
Laminae may be better evidence than organic matter when billabongs of different ages 
are compared, since it is possible the organic content and metals in an infilled billabong 
could get slowly leached in the longer term. The closer two billabongs are in age, the 
stronger the inference that can be made from differences in their sediments. Based on 
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elevation on the floodplain and channel form, the 8 primary billabongs in the chemical 
survey are roughly the same age. 
Interpretation of Phosphorus loading 
Since the concentration of phosphorus in sediments is partly related to authigenic Fe 
concentration or organic content (Engstrom and Wright 1984; Engstrom et al. 1985), and 
reduced billabong sediments have elevated Fe and organic matter, the concentration of 
phosphorus cannot be used in isolation to infer changes in external phosphorus 
loading. Another way of interpreting phosphorus loading is by values of atomic Fe:P 
(Engstrom et al. 1985). As loading increases, the ratio Fe:P should decrease. However, 
the ratio Fe:P in billabong sediments also appears to vary depending on the redox 
environment (tables 5.3 and 5.4), so interpretations must be made with regard to redox 
conditions amongst other things. 
5.4 Results- Evidence of historical change 
The chemical stratigraphy and general lithology of the eight primary billabongs and 
Hogan's Billabong are illustrated in figures 5.3 (above) and 5.4-5.11, and the mean 
chemistry of stratigraphic zones is reported in table 5.3 (above). Details of the chemical 
values used to construct figures are in appendix 5. The presentation of silica 
stratigraphy is reserved until Chapter 6, where it can be considered alongside historic 
changes in Cladocera. 
P loading and redox conditions 
Billabong 9 
Billabong 9 is an abandoned channel, has a maximum depth of 145 cm and area of 3.6 
ha, and abuts a hill on a farm in the unregulated Murray Valley above the Hume Dam. 
A 214 cm core was obtained from Billabong 9 (figure 5.4), which was described above. 
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It is notable that the Zone I/II boundary exactly coincides with the first appearance of 
Pinus pollen in this core. 
Redox indicators change with the onset of settlement, but they suggest contrary 
directions of change; Fe and Mn concentrations increase as does the incidence of 
laminae, suggesting lower redox, but organic matter decreases suggesting higher redox. 
Phosphorus concentration decreases and Fe:P increases after settlement, implying 
lower phosphorus loading. 
Billabong 11 
A 156 cm core was recovered from Billabong 11(figure5.5), which is a 140 cm deep 1.6 
ha billabong on a farm along the lower Kiewa River, abutting a hill. It occupies an 
abandoned Kiewa River channel. The bottom of the core fell out of the PVC tube, but 
residual bits of sediment adhered to the bottom of the gravel layer were reddish brown, 
and possibly represent a soil. 
The onset of settlement in Billabong 11 occurs at 60 cm in the core, coinciding with the 
onset of Zone II, based on evidence already outlined that suggests Zone II was created 
by slope wash following vegetation clearance. Because of the unique characteristics of 
Zone II, the comparison of pre- and postsettlement sediments is best made between 
zones III and I, where slope wash is less dominant. 
The higher value of Fe:Mn in zone I compared to zone III suggests a change in redox, 
but since the trends in Fe and Mn concentration oppose one another, and organic 
matter levels are variable in zone I, the direction of changing redox is unclear. Levels of 
phosphorus and Fe:P are unchanged with settlement, indicating phosphorus loading 
has not been affected. 
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Figure 5.5 The stratigraphy of a 156 cm sediment core from Billabong 11, which is farmed but not 
regulated. Thicker lines in structure depict thicker laminae or bands. Bars in the Pinus plot are ln 
grains/ml wet sediment, numbers are linear counts. 
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Figure 5.10 The stratigraphy of a 147 cm sediment core from Billabong 25, which is farmed but not 
regulated. Thicker lines in structure depict thicker laminae or bands (also see caption to figure 5.5). 
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Figure 5.11 The stratigraphy of a 218 cm sediment core from Billabong 32, which is neither farmed nor 
regulated. Thicker lines in structure depict thicker laminae or bands (also see caption to figure 5.5). 
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Billabong 13 
A 133 cm core was obtained from Billabong 13 (figure 5.6), located on a farm below the 
Hume Dam on the Murray River; it is 2.9 ha in area and has a maximum, post-flood 
depth of about 2 m, but for most of the limnological survey was fairly shallow ( < lm). It 
is probably more prone to drying than the other billabongs cored, as water levels in the 
limnological survey attest. It is a natural floodplain depression of uncertain origin. 
No Pinus stratigraphy is provided for this core due to poor preservation (appendix 5). 
Since the advent of settlement is not known in this core, no historical changes are 
discussed. A noteworthy feature of this core, though, is that it is dominated by yellow-
brown mottling. 
Hogan's Billabong 
Hogan's Billabong is a 5.4 ha, 4 m deep cutoff meander on the Murray river between 
Albury and Lake Mulwala. It is located on a farm on regulated floodplain. A 246 cm 
core was recovered from 2.75 m depth (figure 5.7). The core was obtained for 
cladoceran analysis. No chemical analyses were performed on the core, but based on 
the decreased incidence of laminae following settlement, conditions have become more 
oxidising. Pinus pollen first appears at 95 cm depth in the core. 
Billabong 21 
Billabong 21 is an abandoned channel; possibly a cutoff meander, in a forest reserve on 
the Ovens River floodplain. It is 3.4 ha in area, but is composed of 2 sections so that the 
effective area of the cored pond is less (about 1.5 ha). It has a maximum post-flood 
depth of 190 cm. A core 141 cm long was recovered from the billabong (figure 5.8). The 
onset of settlement is near 35 cm based on Pinus pollen, about 10 cm above Zone IL 
Conditions in Billabong 21 become increasingly wet and reducing from zone IV, at the 
base of the core, to zone IL The blocky sediments in zone II may represent coverage by 
macrophyte beds based on findings in Goulbum River billabongs (Michael Reid pers. 
comm. 1995), but comparative work has not been performed on Murray or Ovens River 
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billabongs. Zone I heralds a return to conditions found in zone III; wet and with 
moderate redox. However, the transition from conditions represented by Zone II to 
those in Zone I slightly precedes the first appearance of Pinus pollen, and cannot be 
definitely associated with settlement. Hence, if the Zone I/II boundary precedes 
settlement, then there is little change in redox conditions in Billabong 21 with 
settlement. If it coincides with settlement, then there is a decrease in redox based on the 
incidence of·laminae and organic content. Phosphorus loading is higher in Zone II than 
Zone I on the basis of phosphorus concentration and atomic Fe:P. 
Billabong 23 
Billabong 23 is an abandoned channel in a floral reserve on the Ovens River floodplain, 
but is narrower than Billabong 21 and is probably a former anabranch. It is 1.6 ha in 
size, but it's width means that it is essentially divided into much smaller sections. The 
maximum post-flood depth is 200 cm. A 240 cm core was recovered from Billabong 23 
(figure 5.9). The onset of settlement is around 25 cm, although a high count of 32 Pinus 
grains/ g dry sediment was encountered here (0 grains at 35 cm). The settlement 
horizon is not chemically distinct relative to the rest of the core; the Zone I/II boundary 
is at 140 cm depth. 
Interpretations in redox and phosphorus loading with settlement are restricted by the 
limited postsettlement record. A slight change in redox is· suggested by varying atomic 
Fe:Mn, the direction of which is unclear; Fe and Mn concentrations change little and 
increased organic matter concentration in the surface sample is probably due to the 
supply of fresh plant matter rather than a redox indicator. Phosphorus loading does not 
clearly change with settlement. 
Billabong 25 
A 147 cm core was obtained from Billabong 25 (figure 5.10), which is located on a farm 
on the Ovens River floodplain; it is an abandoned channel but is fairly narrow and is 
probably a former anabranch. It is 1.3 ha in size and 1.5 m maximum depth, but has 
become segmented into 3 smaller pools. The first appearance of Pinus pollen is at 65 cm, 
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5 cm above the Zone I/II boundary. Zone II is partly defined on the basis of elevated 
biogenic silica levels (Chapter 6). 
The redox environment in Billabong 25 is more reducing after settlement than before, 
based on higher Fe:Mn and Fe levels and the presence of laminae, but a trend towards 
wetter, more reducing conditions precede the onset of European settlement. 
Phosphorus loading has decreased slightly since settlement, based on elevated atomic 
Fe:P. 
Billabong 32 
Billabong 32 is a large cutoff meander in state forest downstream of Yarrawonga on the 
regulated Murray River. It is 4.8 ha in area and has a maximum depth of 3.6 m. A 218 
cm core was obtained from Billabong 32 (figure 5.11). Pinus pollen first appears at 62 
cm, 13 cm above the Zone I/II boundary. 
In Billabong 32, the sediments deposited after settlement are slightly more oxidised 
than before settlement; the ratio Fe:Mn and metal concentrations decrease. Phosphorus 
loads decrease based on lower phosphorus concentration and higher atomic Fe:P. 
Billabong 38 
Billabong 38 is located west of Tocumwal on Ulupna Island Floral Reserve, an area of 
floodplain bounded to the north by the Murray River and the south by an anabranch, 
Ulupna Creek. It is a 5.4 ha cutoff meander, with a maximum depth of 3.lm. A 270 cm 
core was recovered from Billabong 38 (figure 5.12). Pinus pollen is first observed at 115 
cm, 15 cm above the Zone II/III boundary and 35 cm below the Zone I/II boundary. 
Billabong 38 is unique in that the postsettlement period consists of two zones of 
chemical stratigraphy, although they are fairly similar in comparison to other zones in 
the core. The sediments become more oxidised from pre to postsettlement based on 
decreasing laminations, and concentrations of Fe and Mn, although this shift occurs just 
below the first appearance of Pinus pollen. However, the sedimentation rate in this core 
is relatively high (table 5.8), which increases the likelihood that the gap represents the 2 
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decades or so between first settlement and Pinus pollen production. The upper 
postsettlement unit is slightly better oxidised using criteria of sediment structure and 
metal concentrations. Phosphorus loading decreases following settlement based on 
falling phosphorus levels and rising atomic Fe:P. 
Incidence of sediments suggesting highly reducing or oxidising conditions 
All 7 of the stratigraphic zones that indicate highly reducing conditions (table 5.3) are 
found in presettlement core sections. Conversely, 2 of the 3 most oxidised core zones 
are presettlement sediments, and the third is from the deeper parts of the core from 
Billabong 13, for which there is no settlement chronology. 
Sedimentation rates 
Post-settlement sedimentation rates, based on the first appearance of Pinus pollen in 
cores from Billabongs 9, 21, 23, 25, 32, 38, and Hogan's billabong, and on lithological 
changes in Billabong 11, average 5.7 mm/year, and range from 2.1 to 9.8 mm/year 
(table 5.6). Estimates of pre-settlement sedimentation rates, based on 14C dates from 
wood, are fewer: 0.16, 0.27, 0.50, 0.68 and 1.3 mm/year in cores from Billabong 11 (60-
143 cm), Billabong 32 (46-75 cm), Billabong 23 (52-238 & 25-52 cm) and Billabong 32 (75-
212 cm) respectively. The average pre-settlement sedimentation rate, calculated from 
the deepest 14C date to the settlement boundary in Billabongs 23 and 32, is 0.4 mm/year. 
Sediment structure in surface sediments of deep billabongs 
The uppermost 25 cm of sediments from the deepest billabongs in the limnological 
survey (numbers 6, 16 and 35; about 4-6 m deep) were mainly unstructured, and clearly 
not strongly laminated, based on visual inspection of short cores. 
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Table 5.6 Sedimentation rates for cores. The first sample containing Pinus pollen is considered to have 
been deposited in 1875. Interpretation of the age of basal samples with unsupported 210Pb are based on an 
assumed initial 210Pb concentration of 32 Bq/kg, and the half-lives represented by the final concentration 
of an individual estimate(Billabongs 21, 38) or 4 half-lives at the depth of the last sample before the 210Pb 
curve first drops to zero (consecutive samples, Billbong 38; see text). All dates are AD unless specified as 
BP. Carbon dates are from wood, are corrected for variation through time in the generation of 14C in the 
atmosphere using the computer program CALIB (which is based on Stuiver and Pearson 1993), and are 
for the NaOH insoluble fraction unless otherwise specified. For sample numbers see figures 5.3-5.11. The 
carbon date f.or Billabong_ 38 returned a modern ag_e that can be interpreted as either 1850 or 1950. 
depth time interval sediment-
billa- dating of date interval ation rate 
bong method (cm) (cm) from to (mm/year) notes 
9 Pin us 85 0-85 1875 1992 7.3 
11 Pin us 25 0-25 1875 1992 2.1 
lithology 60 0-60 1852 1992 4.3 1852:approx. date of settlement 
carbon-14 143 60-143 4700 BP 1875 0.16 
Hogan's Pinus 95 0-95 1875 1992 8.1 
19 Pin us 25 0-25 1875 1992 >2.1 minimum sedimentation rate 
lithology 10 0-10 1930 1992 1.6 1930:onsetofregulation 
21 Pin us 35 0-35 1875 1992 3.0 
lead-210 13.5 0-13.5 1926 1992 2.0 using 3 half-lives 
cesium-137 23.5 0-23.5 1954 1992 6.2 
23 Pin us 25 0-25 1875 1992 2.1 
carbon-14 52 25-52 473BP 1875 0.68 
carbon-14 238 52-238 4176 BP 473 BP 0.50 
carbon-14 238 25-238 4176 BP 1875 0.52 
25 Pin us 65 0-65 1875 1992 5.6 
32 Pin us 62 0-62 1875 1992 5.3 
carbon-14 46 0-46 792BP 1992 0.55 
carbon-14 75 46-75 1880 BP 792BP 0.27 0.21 mm/yr for B fraction 
carbon-14 212 75-212 2957 BP 1880 BP 1.3 
carbon-14 212 62-212 2957BP 1875 0.52 
38 Pin us 115 0-115 1875 1992 9.8 
lead-210 75.5 0-75.5 1948 1992 17.2 using 2 half-lives 
lead-210 75.5 0-91.5 1904 1992 10.4 using 4 half lives 
cesium-137 75.5 0-75.5 1954 1992 19.9 
carbon-14 121 0-121 1850 1992 8.5 assuming 102% modern = 1850 
carbon-14 121 0-121 1950 1992 28.8 assuming 102% modern= 1950 
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5 .5 Discussion 
5 .5 .1 General limnology 
The contamination of old bulk sediments with young carbon supports the evidence in 
Chapter 3 of ground water influencing billabongs, although it is not possible to draw 
conclusions about the effects of ground water on the water column from this 
information. 
It is significant that laminated sediments are found in such shallow lakes. Except in the 
unusual event of rapid burial, the preservation of laminae in billabong sediments 
indicate that reducing conditions were maintained in the profundal water column for 
much of the year, and that plant roots did not penetrate the sediments. From at least 
November to March, profundal oxygen levels, which have been reduced by respiration 
at night, are bound to stay low during the day, even as primary productivity peaks, due 
to the stability of the water column from temperature stratification (Chapter 3) and the 
ongoing decomposition of organic matter. Summer rates of methanogenesis, an 
anaerobic pathway for organic matter breakdown, are amongst the highest measured in 
the world in Ryan's I Billabong (Sorrell and Boon 1992), implying that oxygen has been 
depleted. In the winter the profundal water column is less stratified and therefore 
better oxygenated, although the breakdown of stratification does not automatically lead 
to oxic conditions in billabongs (Mackay 1991). Regardless, higher animals are probably 
not very active in the winter due to cold water temperatures. 
High rates of bacterial activity and organic matter decomposition in billabongs (Boon 
1990; Sorrell and Boon 1992) contribute to the relatively inorganic nature of the 
sediments. This, in tum will affect the benthic community in better oxygenated zones 
(e.g. Goulden 1971), and possibly the establishment of macrophytes (Macan 1977; Barko 
et al. 1991). 
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5.5.2 Impacts of farming and river regulation 
Impacts on sedimentation rates 
Sedimentation rates in billabongs following European settlement are an order of 
magnitude greater than before settlement (5.7 vs. 0.4 mm/year). Even allowing for a 
small amount of compaction (<10% based on the percentage of water in cores), 
sedimentation rates have increased markedly since settlement, which is consistent with 
the results of other studies in the Murray-Darling Basin (cited in Briggs 1994). The 
generation rate for new billabongs before river regulation was around 20 per century, 
which represents a small fraction of the 6000 billabongs greater than 1 ha on the Murray 
River and anabranches below the Hume Weir (Pressey 1986), and has dropped close to 
zero since regulation (Rutherfurd 1991). The current rate of infill of ~6 mm/year is not 
unusual compared to floodplain lakes on other rivers (e.g. Rhone River; Jurasz and 
Amoros 1991), but combined with the low billabong generation rate suggests that deep 
billabongs will virtually disappear from the greater Murray and Ovens River floodplain 
in the next 4-5 centuries (cf. Briggs 1994). 
As the billabongs shallow, their chemistry will shift due to changing redox conditions 
and the increasing influence of sediments and groundwater (Chapter 3). Moreover, the 
increased fine-sediment delivery may have caused turbidity to rise in the billabongs. 
Impacts on redox conditions 
The strongest evidence of altered redox conditions at or near the settlement boundary is 
found in Billabongs 9, 21, 25, 32 and 38 (table 5.7). The evidence is much weaker in 
Billabongs 11 and 23, and may be due to other factors affecting the stratigraphic record. 
Based only on the record of laminations, redox conditions in Hogan's Billabong also 
change with settlement. 
The direction of change in redox is inconsistent between billabongs. In Billabong 25 
sediments are more reducing after settlement, and the opposite is true for Billabongs 21, 
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32, 38 and Hogan's. In Billabong 9, redox indicators vary with settlement, but in 
opposite directions, confounding interpretation. 
Reconstructions of redox based on organic matter, Fe and Mn concentrations are 
corrupted to an extent by increasing sedimentation rates (Engstrom et al. 1985). This 
may explain the contrary evidence for the direction of change in redox conditions with 
settlement in Billabong 9. However, with regard to the evidence for variations in redox, 
as distinct from their direction, in all instances the variations in organic matter, Fe and 
Mn concentrations are accompanied by variation in atomic Fe:Mn or the incidence of 
laminae, or both, indicating that redox conditions have indeed been altered. Therefore, 
although the detection of redox variation has not been affected by increasing 
sedimentation rates, the direction of redox variation is much more likely to have been 
misinterpreted. 
Historical variation in redox conditions occurs very close to the time of settlement of 
the region, so that it is difficult to tell if it precedes or follows settlement, especially in 
Billabongs 21, 25 and 38. Up to two decades might separate European settlement and the 
first appearance of Pinus pollen (section 5.3.1), so that an early impact could 
conceivably precede the first Pinus pollen. Furthermore, the chemistry of sediments 
tends to get somewhat vertically integrated as chemicals diffuse up and down the 
profiles in response to changing redox in the sediment-water interface (Jones and 
Bowser 1978; Engstrom and Wright 1984). An abrupt change in conditions may appear 
more gradual as sediments below the surface are affected. It is therefore likely that the 
change in redox conditions is coincident with settlement. 
Some natural explanations for changes in redox exists. The first is related to the 
noteworthy trend that no phases of highly reducing conditions occur in the 
postsettlement period. To a certain extent this may be an artefact of the analysis. As 
billabongs shallow their profundal waters are less likely to be reducing, and of course 
the postsettlement sediments are the shallowest in all cores. Adjusting for maximum 
water depth, the highly reduced sections occur between 3.25 and 5.84 m below the 
water surface (except for 2 short sections in Billabongs 9 and 21). Postsettlement 
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Table 5.7 Summary of changes in redox conditions and phosphorus loading observed in 8 billabongs. 
I Billabong 9 I Billabong 11 I Hogan'' ! Billabong 21 
1 1 redox indicators i moderate redox, but i moderate redox; return to moderate 
i change with settle- 1 slightly different 1 more oxidised than redox compared to 
Postsettlement ~ ment but direction of i than before i,:':,_:=,_ before settlement immediately before I change unclear I ""'1ement wtlement 
i P load lower than i P load unaffected by i,', ,, ',',: No data for P load P load lower than I before settlement l settlement ~::'',',,,',, _ ~=:!~~;ly before 
i i rapidly accumulated 
1 1 sediments 
i i (slopewash?) in 
; ....................... ·-·· ······ ·· ··-······· · ·.i···-· ······ · ·-··· ·· ·· · · · --······ · ··· ·-··· ····-······J}.?..~.~~-~~.!!. . .?..~ .~-! ..... -....... ;-.. ······-··-·······-·-···-······-··--·······-········;····················-·-···················--······-··-····' i i i i i i I I buried organic layer l I I gradually falling I 
1 2 1 1 1 redox from early 1 
1 1 1 1 presettlement 1 
i Late i i moderate to highly i culminates in highly ~ 
1 Presettlement 1 moderate redox moderate redox 1 reducing conditions 1 reduced sediments 1 I I I I (macrophyre bed~ I 
~---,-l------r-- ---1----------+=~~·::d=-~ 
1 Early 1 1 1 moderate to highly 1 1 
i. ..... ~~~:::~.:=~=~ ... ...l..~:~.:.~~: .. ~.:=.~~~::_ . ....i.. ::~~:..~.~:.~:~.:: ............... ...l..~:~.::~~--~-:=.~~~:: .... ...l. .:.:~~-~-~~-: . ~.~-:.~~~:: .. ..J 
i Billabong 23 i Billabong 25 ! Billabong 32 i Billabong 38 
1 i moderate redox; i moderate redox but 1 moderate redox but i moderate redox 
1 possible shift from 1 more reducing than 1 more oxidised than 1 (more oxidised than 
Po•t"ttl~t ! befme "ttlement ! befo" ""'1ement I before "ttlement I befo" "ttlement) 
1 P load unaffected by 1 P load lower than 1 P load lower than 1 P load lower than i settlement i before settlement I before settlement I before settlement 
? · · ·· · ···· · ·········· ··· · · · ··· ······ · ·· ·· ··········~·····-······· ·· · ·· ··· ········ ···· · ··· · · ·· ·········· ···· · ····· ··?··········· ·········· ··· ··········· ····· ···- · · ·· · ·· ·· ··········~ · ·· .. ·······················-··································?································································! 
' 2 I I I wood chunks I . 
l . l moderate redox in · l 
i 1,',,,_~~~ 1,',,,_ Presettlement I,',,, moderate redox I moderate redox i reducing conditions 
i reducing conditions 1 
, . , l in bottom of unit . ~ 
Late 
r·······················3·················-····r ·····························································-r-····························································-r·· ......................... -... ······························r·····························································1 
~ 1 l 1 ~ 
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sediments occur between 1.40 and 4.34 m, but only in billabongs 32 and 38 do they 
extend to the minimum depth at which reduced sections are found (i.e. 3.25 m). 
This suggests that the more unstructured sediments in upper zones of billabongs 9 and 
23 (and possibly 32 and 38), compared to laminated lower zones, are not an effect of 
environmental change with settlement, but an artefact of the analysis. 
However, other data support the idea that persistent reducing conditions in billabongs 
have disappeared since settlement. Surface sediments from the 3 deepest billabongs in 
the limnological survey did not contain the clear laminae characteristic of highly 
reducing conditions. Sediments from the deepest billabongs in the region need to be 
examined, preferably using x-ray photographs, to confirm the absence of laminae. 
It has also been suggested that climatic conditions became drier in the region around 
the time of European settlement (Churchill et al. 1978; Bowler 1981; De Deckker 1982). 
Greater oxidation of profundal sediments might result from lower water levels as E/P 
increases. However, other records suggest increasing wetness or no change in E/P (Gell 
1995). 
The changing redox does not appear to be related to river regulation since it both 
precedes regulation and occurs on unregulated river reaches. Moreover, only in 
Billabong 38 is there evidence of 2 phases in the postsettlement period (and even this is 
weak), as expected if both farming and regulation are the causative agents. However, 
the evidence for changing redox is perhaps less equivocal for unregulated than 
regulated billabongs: it is weak from Billabongs 11 & 23, and interpretation of 
indicators from Billabong 9 is problematic. The finding of no effect of regulation also 
relies on the correct interpretation of the Pinus stratigraphy. 
If the trends in redox were caused by early European settlers, then cattle and sheep 
grazing is implicated since this activity was intense from the outset (Chapter 2), 
whereas clearance would have taken some time to proceed throughout the region. 
It is noteworthy that the historic changes in redox precede the expansion of carp in the 
region in the early 1960's by a considerable period, regardless of which alternative 
Pinus chronology is adopted. 
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Impacts on phosphorus loading 
There is no conclusive evidence that phosphorus loads have changed in billabongs 
since settlement. The available evidence suggests decreasing rather than increasing 
phosphorus loads; phosphorus concentration, relative to iron, decreases in 4 of 7 
billabongs following settlement (table 5.7; possibly 5 of 7 if the pattern in Billabong 21 is 
coincident with settlement). However, the trends in phosphorus are more likely caused 
by changing redox conditions. The four billabongs where a decreasing phosphorus load 
is suggested correspond to the four billabongs where the strongest evidence of 
changing redox conditions occurs. Furthermore, lower phosphorus concentrations in 
post settlement sediments may be a result of increasing sedimentation rates. Therefore, 
no conclusions can be reached from the historical data of the effects of land use on 
phosphorus loading in billabongs. 
5.5.3 Ecological significance of impacts 
The increases in sedimentation rates and changes in the sedimentary redox potential 
(usually to more oxidising conditions) have occurred in billabongs on unregulated river 
reaches and, more significantly, remote from farm centres. Therefore, even billabongs 
relatively remote from these activities are not ecologically pristine, and anthropogenic 
impacts may be underestimated by descriptions of present day limnological patterns. 
The possibility that the changes in redox conditions are due to a natural climatic trend 
towards drier conditions cannot be discounted. However, if highly reducing conditions 
have disappeared from deep billabongs as a result of European settlement, this could 
have strong implications for billabong biota and the functioning of billabongs, 
especially in sediment-water exchanges of nutrients. Otherwise, the shifts in redox are 
fairly minor and well within the range of natural shifts observed in the presettlement 
period, suggesting that the biota may be preadapted to such variation (cf. Poff and 
Ward 1990). 
In contrast, the postsettlement sedimentation rates are greater than what has occurred 
in the ecosystem for at least 2000 years, and are therefore 'new' to the ecosystem (cf. 
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Poff and Ward 1990). This may also have been accompanied by exceptional levels of 
turbidity. 
The permanent nature of the altered redox conditions suggests either a press 
disturbance (as defined in Yount and Niemi 1990) or an enduring response to a pulse 
disturbance. 
5.6 Conclusions 
The conclusions of Chapter 5 are: 
1) Pinus pollen is a useful postsettlement marker in billabongs, especially when 
sedimentation rates are high enough to create a relatively deep stratigraphic profile. 
It is difficult to differentiate between downward pollen contamination and very low 
sedimentation rates when shallow stratigraphic profiles of Pinus are encountered. 
2) However, no convincing evidence emerged to evaluate two alternative propositions 
about the first appearance of Pinus pollen in billabong fossil records: firstly that this 
corresponds to the late 1800' s, secondly that this did not occur until the start of river 
regulation in 1930. The available evidence weakly favours the first proposition, 
which is based on historical records and Pinus biology. The first appearance of Pinus 
pollen is therefore considered to signify AD 1875, with an error of a couple of 
decades. 
3) Radiocarbon dates from the fine-fraction of sediments in billabongs of the region 
give highly inaccurate estimates of the age of sediment deposition. In contrast, 14C 
dates from wood appear to yield estimates of sediment deposition with maximum 
errors of around 1000 years. 
4) Lead-210 appears to be a more reliable chronometer than 137Cs, but low and 
possibly variable 210pb supply limits the time span that can be dated and the 
accuracy of age estimates within that time span. 
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5) Sedimentation rates in billabongs of the region have increased by an order of 
magnitude since European settlement, and the increased supply of fine sediments 
may also have affected turbidity levels in billabongs. The evidence for this comes 
from billabongs on both regulated and unregulated river stretches, and from 
Nonfarm billabongs. 
6) Redox conditions in many billabongs have changed since settlement, mainly 
becoming more oxidising. The factor responsible for this is likely either early 
farming or (naturally) increasing evaporation over precipitation, although 
regulation can not be conclusively ruled out. 
7) Convincing evidence of a change in the external phosphorus load to billabongs with 
European settlement was not found as variations in redox and sedimentation rates 
obscured the record. 
8) Following from points 5 and 6, in modern studies of the effects of land use it cannot 
be assumed that billabongs remote from farming centres and/ or on unregulated 
river reaches are natural controls. Such comparisons may be between two kinds of 
impacted billabongs (especially if changes in redox are due to land use). 
Having established the natural and postsettlement redox conditions and sedimentation 
rates, and some impacts of European settlement on the physicochemical environment in 
billabongs, the focus is turned in Chapter 6 to historical impacts on billabong flora and 
fauna. 
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Billabongs 21 (top) and 4 (bottom). 
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Chapter 6 Historical records of Cladocera, aquatic 
macrophytes, and siliceous algae 
6.1 Introduction 
Farming and river regulation have only minor effects on the relative abundance of 
Chydorid Cladocera and no effect on total aquatic macrophyte cover, based on patterns 
in present-day billabongs (Chapter 4). The overall stability of billabong chydorid 
communities and of macrophyte coverage appears to be high, in spite of considerable 
indirect impacts of regulation on billabong physicochemistry and much smaller 
impacts of farming (Chapter 3). This may be explained by the hypothesis that 
organisms exposed to a high frequency of natural disturbance are preadapted to 
anthropogenic disturbance (Yount and Niemi 1990). Natural variation in billabong 
physicochemistry is high (Chapter 3), and several of the effects of land-use mimic 
natural variation. Both these factors increase the likelihood that billabong biota already 
possessed adaptations, before European settlement, enhancing their survival of post-
settlement anthropogenic environmental variation. 
However, there is evidence from the sedimentary record of redox conditions and 
sedimentation rates that the limnology of many billabongs has been permanently 
altered by early farming in the region (Chapter 5). This may affect the conclusion that 
land use has had only minor effects on the biota in billabongs, since a number of the 
'control' billabongs are actually impacted by land use. 
The purpose of this chapter is to investigate the historical impacts of farming and river 
regulation on billabong biota. The stratigraphy of cladoceran assemblages is used to 
trace the history of both Cladocera and the extent of aquatic macrophyte cover. The 
basis for the latter analysis was presented in Chapter 4. The stratigraphy of biogenic 
silica is used to reconstruct variations in siliceous algal productivity through time. 
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6.2 Methods 
6.2.1 Analyses performed 
Cladoceran species 
Cladoceran assemblages from pre and post-settlement sediments (pre-AD 1875, AD 
1875-1990) are compared to recent (AD 1993) cladoceran assemblages reported in 
Chapter 4. Changes in assemblage composition may indicate the impact of European 
settlement, if taphonomic factors and sampling bias are eliminated, and the spatial and 
temporal patterns may indicate the responsible agent. 
Historic impacts on chydorid Cladocera are determined in two ways. First, the relative 
abundance of chydorid species in assemblages from each time period (recent, pre- and 
post-settlement) are calculated and contrasted. Since large scale differences in the 
relative abundance of common species before and after settlement may affect the 
percentage values for minor species, even if their abundance has not changed, the 
common species are excluded from the totals in calculating changes in the prevalence of 
minor species. None of the less common species makes up more than 4% of the 
abundance of any of the full chydorid assemblages (by period). 
The second approach is to test for differences in the whole-assemblage characteristics of 
recent, upper and lower pre-settlement periods using linear models. Post-settlement 
assemblages are excluded from this analysis due to the more limited amount of data 
across cores (table 6.1, below). 
Aquatic macrophytes 
The percentage of chydorid Cladocera, relative to an assemblage of Chydoridae and 
Bosminidae, was shown in Chapter 4 to be positively related to the percentage cover of 
the total aquatic macrophyte community of a billabong. The relationship is not linear, 
and error variation is great enough that percentage cover can not be reliably predicted 
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on the basis of one measurement of percent chydorids. However, the mean percentage 
of chydorids of assemblages from billabongs with low and high aquatic macrophyte 
cover are quite different, so that the aquatic macrophyte cover of a billabong in pre- and 
post-settlement periods is discernible from multiple independent measurements of each 
period. Therefore, the sediment cores described in Chapter 5 are examined for chydorid 
relative abundance in order to infer past levels of aquatic macrophyte cover in the 
billabongs. 
Taphonomic bias 
The extent that taphonomy biases assemblage composition may be gauged by 
observing of the degree of chemical degradation, comparing levels of fragmentation 
and sorting of skeletal parts, and by contrasting the species composition of recent and 
other post-settlement assemblages. A sampling bias is indicated by the comparison of 
cladoceran assemblages from surface assemblages with those from cores. This is 
explained below. 
Siliceous algae 
Historic levels of siliceous algal production are estimated from loosely bound silica in 
cores. Translation of loosely bound silica (as opposed to allogenic silica washed from 
soils) to estimates of siliceous algae in the water column relies on the mechanism of 
supply, and the preservation environment, being unchanged through time (Jones and 
Bowser 1978; Engstrom and Wright 1984). 
Biogenic silica originates from diatom frustules and chrysophyte scales. Some animals 
also have siliceous structures, but these contribute less to the sediments than the plants, 
especially diatoms Gones and Bowser 1978). Following death of the algae, the siliceous 
matter may dissolve or accumulate in the sediments. 
Dissolved silica enters the sediments bound to organic matter or iron hydroxide gels 
Gones and Bowser 1978). Silica is often retained in the sediments as diagenic product, 
or cycled back to the water column depending on, amongst other things, redox 
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conditions (the balance of oxidation and reduction) and authigenic iron concentration. 
Therefore, the interpretation of loosely bound silica stratigraphy (or biogenic silica) 
requires that the concentration of authigenic Fe be taken into account, as well as 
palaeoredox conditions. If all other factors are constant, an increase in the productivity 
of siliceous algae will result in greater amounts of silica being stored in the sediments. 
6.2.2 Cladoceran assemblages 
Sampling 
Fossil assemblages were examined from every cored billabong analysed for chemical 
stratigraphy in Chapter 5 except Billabongs 11 and 13, and assemblages from two other 
billabongs were also examined (table 6.1). Hogan's Billabong, which is located on a 
farm below the Hume Dam, was included since cladoceran preservation in Billabong 13 
(also Farmed/Isolated) was poor. Moreover, the billabongs on farms that were cored are 
generally smaller than the Nonfarm billabongs cored, but Hogan's is larger and deeper 
than the other farmed billabongs (table 6.1), having equivalent dimensions to Nonfarm 
Billabongs 32 and 38. A short core from Toke Billabong, west of Tocumwal N.S.W., is 
examined to supplement the taphonomic analyses. Characteristics of Toke Billabong 
are presented in the results section. 
Cores are sampled for cladoceran assemblages every 20 cm in the most intensely 
studied cores, and more sporadically in others. This sample interval was chosen as a 
balance between adequately sampling the pre- and post-settlement periods and time 
constraints, and because the samples were separated enough that they were likely to 
represent different time periods, and thus be independent samples. Methods for the 
extraction of Cladocera from core sediments are available in Appendix 1. 
Counting 
The level of taxonomic differentiation in counting is to family level for all 57 samples, 
such that an estimate of the %chydorids can be obtained, and to species level for 25 
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samples (table 6.1). Between 250 and 350 remains (carapaces and headshields), 
representing about 100 individuals, are identified to family for estimates of the littoral 
macrophyte index (Chapter 4). In the 25 samples where chydorid species assemblages 
are counted, at least the first 50 chydorid headshields encountered are identified. The 
minimum limit was set by samples with sparse chydorid remains and time constraints. 
The taxonomy of cladoceran remains is established in Appendix 1. 
Collation and statistical analysis 
Littoral macrophyte index 
The percentage of chydorids (versus Bosmina) was calculated to gauge the effects of 
faming and regulation on the extent of the littoral macrophytes (i.e. macrophyte cover; 
Chapter 4). 
Chydorid species assemblages 
The chydorid species assemblages are separated into 3 periods: recent, post-settlement 
and pre-settlement, on the basis of Pinus stratigraphy. 'Post-settlement' assemblages 
come from sediments that yielded Pinus pollen, and are intyerpreted as having been 
deposited between about 1875 and 1990. 'Upper pre-settlement' assemblages are from 
the next deepest sample, and are denoted 'circa 1850'. 'Lower pre-settlement' 
assemblages are from deeper samples·and are denoted 'pre-1850'. 'Recent' assemblages 
are headshields from surface sediment samples of 43 billabongs counted in Chapter 4. 
Five samples from 3 billabongs (nos. 23, 25 and 32) make up the post-settlement (non-
recent) assemblages (table 6.1). Pre-settlement headshields are from 20 sediment 
samples deposited in 7 billabongs (table 6.1). 
Assemblage richness, diversity and equitability measures are calculated as in Chapter 
4. Differences in species richness and Shannon diversity of chydorid assemblages of the 
periods are investigated using a mixed model. The random model is billabongs and 
observations within billabongs. The dependent variable in the fixed model is the 
assemblage measure (richness, diversity or equitability), and the independent variable 
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Table 6.1 Depth of sediment samples examined for their chydorid cladoceran species composition, 
grouped by period (recent, pre- and post-settlement). Samples in italics are used in the ANOVA analysis. 
The recent assemblages were enumerated in Chapter 4. Post-settlement sections were identified by the 
stratigraphy of Pinus pollen (Chapter 5). 
billabong 
9 Hogan's 21 23 25 32 38 
area (ha) 3.6 5.4 3.4 (2) 1.6 (0.5) 1.3 (0.5) 4.8 5.4 
depth (cm) 145 400 188 203 153 362 314 
time period depth 
cored 
recent (1993) Ocm Ocm Ocm Ocm Ocm Ocm Ocm 
postsettlement 25cm 25cm 25cm 
(1875-1990) 45cm 45cm 
presettlement 
ca. 1850 85cm 125 cm 45cm 35cm 65cm 65cm 125 cm 
pre 1850 205cm 145cm 135cm 85cm 85cm 145cm 
pre 1850 185cm 105cm 205cm 
pre 1850 245cm 135cm 265 cm 
pre 1850 195cm 
is the time period. An ANOV A is performed and the significance of the difference 
between means is tested by calculating the F-probability of the variance ratio. For this 
analysis, the chydorid assemblages are restricted to the first 50 chydorid headshields 
encountered. 
Taphonomy 
Trends in species composition of the Chydoridae and Macrothricidae are analysed for 
taphonomic information. Species only present in surface sediments may be particularly 
susceptible to decomposition. This information is used in conjunction with direct 
observations of chemical degradation of remains (i.e. corrosion). 
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Percentage fragmentation and disarticulation are calculated for Billabongs 9, 21, 23, 25, 
32, 38 and Hogan's Billabong. Calculations are carried out in the same manner as in 
Chapter 4 (section 4.2.4), except that data from the Chydoridae are included to 
supplement the bosminid data. Differences in levels of fragmentation and 
disarticulation between recent, post-settlement, and upper and lower pre-settlement 
are tested by using an ANOV A model and F-probability, as described above. The post-
settlement sample used is the second lowest in the profile. The lower pre-settlement 
period is not represented in Billabong 25, so two comparisons are made. The first is of 
recent, post-settlement, and upper pre-settlement assemblages only in all 7 cores. The 
second is of all 4 periods but excluding data from Billabong 25. 
6.2.3 Silica extraction and measurement 
Biogenic silica is estimated in cores for which chemical analyses were carried out in 
Chapter 5. The sediment residue retained on the millipore filter following extractions 
for metals and phosphorus (Chapter 5) is used for extracting biogenic silica. The 
extraction method is a slight modification of Engstrom and Wright (1984). The residue 
is washed from the filter into a flask using 0.2 N NaOH. The flask is brought to 50 ml 
with 0.2 N NaOH, and added to a 90-95°C water bath for 15 minutes. The flask is then 
removed from the bath and 10 ml of 10% NaCl is added. The mixture is centrifuged and 
the supernatant is brought to 100 ml with distilled water and saved for analysis. 
Silica in the extracts is reacted with ammonium molybdate and measured using an 
optical colorimetric comparator (standards are built into the comparator). The reaction 
reagent is 5 g of ammonium molybdate added to a solution of 50 ml water and 5 ml 
H2S04. Two ml of reagent is added to 50 ml of sample, which is let stand for 20 minutes 
and then read using the comparator. 
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6.3 Results 
6.3.1 Cladoceran assemblage composition 
In alt 30 chydorid, 1-2 bosminid and one macrothricid species of Cladocera are 
differentiated in the pre and post-settlement (non-recent) ~ssemblages of headshields 
(table 6.2). All of the common cladoceran species, with the exception of Alonella excisa, 
are actually species complexes (table 6.2; Appendix 1). No attempt is made to 
differentiate the macrothricid species since they do not appear to persist as fossils. 
Table 6.2 Cladoceran species encountered in pre and postsettlement (non-recent) assemblages. 
post pre post pre 
settl. sett!. sett!. settl. 
CHYDORIDAE 
total number 897 2049 Ephemeroporus complex 2 11.1 20.2 
% of whole assemblage 32.0 74.9 Graptoleberis testudinaria 2.8 2.6 
Kurzia cf. latissima 0 0.1 
% % Leydigia acanthocercoides 0.4 0 
Alona (general) 9.1 7.5 Leydigia leydigi 0.4 0.2 
Alona cf. diaphana 0.8 0 Monope or Ephemeroporus 0 0.3 
Alona quadrangularis 4.0 2.4 Oxyurella sp. 0 0.4 
Alona sp. 2 0 0.1 Pleuroxus inermis 0 0.1 
Alonella excisa 7.9 11.6 Pseudochydorus globulus 0 0.2 
Biapertura (general) 19.0 23.3 unknown genus (Biapertura?) 0 0.1 
Biapertura affinis 2.0 1.5 
Biapertura karua 0.8 2.7 BOSMINIDAE 
Biapertura setigera 0.4 1.0 total number 1909 685 
Biapertura sp. 1 2.4 3.3 % of whole assemblage 68 25.1 
Biapertura sp. 2 2.0 3.9 
Biapertura sp. 3 0 0.9 % % 
Biapertura sp. 4 0 0.1 Bosmina meridionalis 99.8 99.9 
Biapertura sp. 5 0.4 0.9 Bosmina male or Bosminopsis 0.2 0.1 
Biapertura sp. 7 0.8 0.8 
Camptocercus australis 1.6 4.1 MACROTHRICIDAE 
Chydorus (general) 32.9 6.6 (undifferentiated) 
Daydaya macrops 0.4 0.2 total number 1 0 
Dunhevedia crassa 0.4 0.2 % of whole assemblage 0.04 0 
Rak/Ephemeroporus 0 8.1 
complex 1 
DAPHNIDAE ephippia present present 
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Table 6.3 Chydorid species found exclusively in either recent or presettlement assemblages. 
In recent assemblages, not in presettlement assemblages: 
taxonomy certain 
Alona sp. 1 
Biapertura (possibly Alonella) sp. 6 
Leydigia acanthocercoides 
taxonomy uncertain 
Alona pulchella 
Alona diaphana 
Rak or Chydorus species 
Unknown genus or 4-porate mutants of Alona 
In presettlement assemblages, not in recent assemblages: 
taxonomy certain taxonomy uncertain 
none unknown genus related to Biapertura 
Table 6.4 Abundance of common chydorid species (pooled) in recent (1993), postsettlement 
(ca. 1870-1990) and presettlement (pre 1870) assemblages. 
time period 1993 1993 1870-1990 pre 1870 
no. billabongs 41 7 3 7 
total count 2635 408 254 1169 
species no. % no. % no. % no. % 
Chydorus undiff. 920 35 88 22 83 33 77 7 
Biapertura un.diff. 490 19 149 36 48 19 242 21 
Alona undiff. 605 23 89 22 23 9 88 8 
Rak/Ephemeroporous cx.l 1 -0 0 0 0 0 95 8 
Ephemeroporous ex. 2 72 3 4 1 28 11 236 20 
Alonella excisa 49 2 7 2 20 8 136 12 
Considering only chydorids, up to 7 species are present in 1993 that are not found in 
the pre-settlement assemblages (table 6.3). However, 4 of these are doubtful due to 
taxonomic uncertainties. The two uncertain Alona species are more distinctive 
endmembers of species complexes. The Ra.kl Chydorus species is only represented by 
one headshield, and a 4-porate species by 2 headshields. These may simply be mutants 
of Rak/Chydorus and Alona, respectively. The 4-porate species does not resemble 
Oxyurella. 
213 
Table 6.5 Abundance of minor chydorid species (pooled) in recent (1993), postsettlement (ca. 1870-
1990) and presettlement (pre 1870) assemblages. Counts of common species are not included in the totals 
for calculating relative abundance. 
time period 1993 1993 1870-1990 pre 1870 
no. billabongs 41 7 3 7 
total count 498 71 52 295 
% of % of % of % of 
minor minor minor minor 
CHYDORIDAE no. species no. species no. species no. species 
Little change in 
relative abundance: 
Graptoleberis testudinaria 70 15.4 13 18.3 7 13.5 30 10.2 
Biapertura setigura 22 4.8 2 2.8 1 1.9 13 4.4 
Biapertura affinis 38 8.4 4 5.6 5 9.6 17 5.8 
Biapertura sp. 7 10 2.2 2 2.8 2 3.9 9 3.1 
Alona quadrangularis 47 10.3 13 18.3 10 19.2 28 9.5 
Monope or Ephemeroporus 10 2.2 1 1.4 0 0 3 1.0 
Pseudochydorus globosus 6 1.3 0 0 0 0 2 0.7 
Daydaya macrops 8 1.8 2 2.8 1 1.9 2 0.7 
Oxyurella sp. 4 0.9 1 1.4 0 0 5 1.7 
Decreasing 
relative abundance: 
Biapertura sp. 1 20 4.4 2 2.8 6 11.5 38 12.9 
Biapertura sp. 2 7 1.5 1 1.4 5 9.6 46 15.6 
Biapertura sp. 3 1 0.2 0 0 0 0 10 3.4 
Camptocercus australis 18 4.0 4 5.6 4 7.7 48 16.3 
Biapertura karua 9 2.0 0 0 2 3.5 32 10.8 
Increasing 
relative abundance: 
Alona cf. diaphana 16 3.5 1 1.4 2 3.9 0 0 
Biapertura sp. 5 10 2.2 3 4.2 1 1.9 1 0.3 
Leydigia leydigi 28 6.2 10 14.1 1 1.9 2 0.7 
Dunhevedia crassa 14 3.1 3 4.2 1 1.9 2 0.7 
Leydigia acanthocercoides 14 3.1 7 9.9 1 1.9 0 0 
Pleuroxis inermis 54 11.9 2 2.8 0 0 1 0.3 
Kurzia cf. latissima 7 1.5 0 0 0 0 1 0.3 
Alona cf. puchella 6 1.3 0 0 0 0 0 0 
Alona sp.l 8 1.8 0 0 0 0 0 0 
MACROTHRICIDAE 
All spp. 40 10 1 0 
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Table 6.6 Mean species richness of assemblages from recent (1993), upper presettlement (ca. 
1850) and lower presettlement (pre 1850) sediments. The difference between the means ± 2 
standard errors is reported along with the probabilityfrom ANOV A modelling. 
mean richness for: 
number of difference in 
billabongs 1993 ca. 1850 pre 1850 means ± 2 s.e. prob. 
7 8.9 11.3 2.4±1.4 0.015 
6 8.3 12.7 4.3 ± 2.2 0.010 
6 11.2 12.7 1.5±1.8 0.165 
Table 6.7 Mean species diversity of assemblages from sediments deposited around 1993, ca. 
1850 and before 1850. The difference between the means ± 2 standard errors is reported along 
with the probabilityfrom ANOV A modelling. 
mean diversity for: 
number of difference in 
billabongs 1993 ca. 1850 pre 1850 means ± 2 s.e. prob. 
7 1.55 2.08 .53 ± .23 0.003 
6 1.51 2.07 .56 ± .36 0.028 
6 2.05 2.07 .02 ± .28 0.922 
Table 6.8 Mean equitability of assemblages from sediments deposited around 1993, ca. 1850 
and before 1850. The difference between the means ± 2 standard errors is reported along with 
the probabilityfrom ANOV A modelling. 
mean equitability 
number of difference in 
billabongs 1993 ca. 1850 pre 1850 means ± 2 s.e. prob. 
7 .176 .186 .010 ± .018 0.322 
6 .180 .165 .015 ± .009 0.021 
6 .185 .165 .020 ± .013 0.026 
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In contrast, only one doubtful species is found in the pre-settlement assemblages that is 
not found in the post-settlement period. This is represented by a single headshield with 
a fairly undistinguished form, shaped like a Biapertura species but lacking major pores, 
and having only faint, knob-like minor pores. Whether this is a legitimate species, or 
simply a mutant is not resolvable except by further counting or the discovery of living 
specimens. 
Large shifts are apparent in the abundance of common species in the region when the 
headshield data are pooled by period (tables 6.4 and 6.5). Undifferentiated species of 
Chydorus, Biapertura, and Alona are relatively more abundant in post-settlement and 
recent sediments than in pre-settlement sediments, at the expense of Rak/Ephemeroporus 
ex. 1 (hereafter called Ephemeroporus ex. 1), Ephemeroporus ex. 2, and Alonella excisa. The 
decline of Ephemeroporus ex. 1 is noteworthy; only one specimen was found in 2889 
headshields of the post-settlement and recent assemblages, compared to 8% relative 
abundance before settlement. The relative abundance of species is intermediate in 1875-
1990 assemblages except for Ephemeroporus ex. 1. 
Of the less common chydorid species, 8 are too rare to detect trends between periods 
(including species only found in recent assemblages). The abundance of the remaining 
23 minor species is shown by period in table 6.5. Nine species change little in their 
relative abundance between periods. Five species decrease in relative abundance from 
pre-settlement to recent assemblages, and 9 species increase in relative abundance. 
Species with an increasing or decreasing trend in relative abundance usually have 
intermediate levels in 1970-1990 assemblages. Macrothricid fossils are found in 19 of the 
41 recent assemblages, and are absent from pre-settlement assemblages (table 6.5). 
Species richness in pre-settlement assemblages ranges from 10-16 species and Shannon 
diversity is 1.35 to 2.35 based on 50 to 101 headshields per sample (Appendix table 
A6.1), although richness and diversity are probably underestimated due to the lumping 
of similar species into complexes. Recent assemblages have on average 1-4 less species 
than pre-settlement assemblages (table 6.6) and have lower diversity (table 6.7). 
Patterns of equitability in the assemblages are more ambiguous. There is no difference 
in the equitability of recent and ca. 1850 assemblages, but recent assemblages are 
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slightly more equitable than pre 1850 assemblages (table 6.8). Mean species diversity 
and richness does not vary significantly between ca. 1850 and pre-1850 assemblages 
(tables 6.6 and 6.7). Equitability is slightly higher in ca. 1850 than pre-1850 assemblages 
(table 6.8). Taphonomy is considered below. 
6.3.2 Percentage chydor ids (littoral macrophyte index) 
Historic variation in the percentage of chydorids, relative to the full assemblage of 
chydorids and Bosmina (macrothricids are excluded), are shown in figures 6.2 and 6.3. 
The percentage of chydorids in the surface 0-1 cm is derived from recent assemblages, 
i.e. from short cores taken from each billabong (Chapter 5). The values deeper than 1 
cm are for sediment samples from the long cores recovered from each billabong 
(Chapter 5), except in the case of Toke Billabong, which is a continuous short core. 
There is a step-like decrease in the percentage of chydorids which coincides with first 
settlement in cores from Hogan's Billabong and Billabongs 32 and 38 (figure 6.2), and 
just after settlement in Billabong 9 (figure 6.1). A similar pattern occurs in Billabong 21 
(figure 6.1), but this core has only one (non-surface) sample in the post-settlement 
period. 
In contrast, the pattern of percentage chydorids in Billabongs 23 and 25 does not change 
much with European settlement (figure 6.1), although the sampling intensity in both 
cores is not high and preservation problems occur in Billabong 23. Recent assemblages 
from Billabongs 23 and 25 have slightly lower chydorid relative abundance than 
underlying samples. 
6.3.3 Taphonomy 
Increased decomposition is apparent in all cores following the onset of settlement, 
based on a loss of lustre and partial breakdown of remains. The increase does not 
appear to be uniform across the assemblage; some remains in post-settlement 
assemblages are in good condition. 
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Figure 6.2 The stratigraphy of %chydorids (the littoral macrophyte index) and biogenic silica in cores and surface 
sediments from regulated Hogan's Billabong, Toke Billabong, and Billabongs 32 and 38. Hogan's Billabong and Toke 
Billabong are on farms. The core from Toke Billabong is a continuous short core. The stratigraphy of other billabongs 
is a mixture of surface (recent) samples from short cores, and long cores below this (see text). Also see the caption 
from figure 6.1. 
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Species in tables 6.4 and 6.5 that decrease in abundance with depth are candidates for 
taphonomic destruction. The macrothricid remains appear to be quite susceptible to 
organic decomposition; they are quite commonly represented by the outer rim of the 
headshield only. However, based on the appearance of the remains (e.g. lustre, 
corrosion), none of the chydorid species that decrease in abundance with depth are 
exceptionally susceptible to organic breakdown or fragmentation compared to species 
that do not display such a pattern. 
Based on ANOV A modelling, decomposition and other taphonomic factors have not 
significantly altered the percentage of headshields (compared to carapaces) or the 
degree of fragmentation of remains for either the bosminids or chydorids in the 
comparisons of recent, post and pre-settlement assemblages (p=.050). 
Finally, the contrast between the percentage of chydorids in recent assemblages versus 
assemblages from the surface sections of cores may also indicate taphonomic biases. 
Recent assemblages from Billabongs 21, 32 and 38 have a higher percentage of 
chydorids than the other post-settlement samples, but this variation is not due to a 
recent expansion of the littoral macrophyte zone, at least in Billabongs 32 and 38; 
present-day aquatic macrophyte cover is very low (<5%) in these billabongs (Appendix 
A4.2). Moreover, the core from Toke Billabong (figure 6.2), which was deposited 
entirely in the post-settlement period, shows decreasing prevalence of chydorids with 
depth. This, too, is not due to a recent expansion of the littoral; aquatic macrophyte 
cover in this billabong at present is below 5% (personal observation). 
In contrast, the opposite pattern in percent chydorids is found in assemblages from 
recent versus upper core sections from Hogan's Billabong and Billabongs 23 and 25, 
and the percentage of chydorids in the recent assemblage from Billabong 9 is similar to 
assemblages in the upper sections of the core from here. 
6.3.4 Biogenic silica 
In most chemical core-zones levels of biogenic silica are around 25-50 mg/ g (table 6.9 
and figures 6.2-6.4). Noteworthy exceptions are outlined below. Generally, levels of 
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biogenic silica do not appear to vary consistently with the sedimentary redox 
environment as indicated by organic content (table 6.9). Trends in biogenic silica never 
coincide with variation in percentage chydorids, with the closest example being a 
delayed decrease in percent chydorids in Billabong 21 following a decrease in biogenic 
silica (figures 6.2 and 6.3). 
Billabong 9 
Very high levels of Si, up to 160 mg/ g, are found in zone II of Billabong 9, and levels in 
zone I are lower but still exceptional (~ 100 mg/ g). The decrease in Si in zone I is just 
after the first appearance of Pinus Pollen and precedes the decline in chydorid 
prevalence. The trend of upward increasing Si begins gradually in upper zone III 
(figure 6.1). 
Table 6.9 Range of biogenic silica concentrations in billabong core-samples in comparison to redox 
categories (based on organic content) develor.ed in Char.ter 5. 
Simg/g Simg/g 
zone derth (cm) mean ±2s.e. zone derth mean±2s.e. 
org. matter 2.8 - 5.3% org. matter 0.5 - 1.2% 
91 0 - 84 99 ±25 
9 III 113-180 40±24 11 II 29-60 22±1 
11 I 0-29 31 ±8 13 II 50-133 44±14 
11 III 60-140 193 ± 70 21 IV 114-140 46±10 
11 IV 140-156 39 ±2 25 III 110-147 27±7 
13 I 0-50 56 ±38 
21 I 0-45 25 ±2 mean±2s.e. 35±12 
21 III 63 -114 95 ±22 
23 I 0-140 31±6 
25 I 0-70 29 ±7 org. matter 7.5 - 11.1% 
25 II 70 -110 82 ±35 
32 I 0-75 37 ±9 9 II 84-113 148±13 
32 II 75-218 25 ±7 9IV 180-212 35±10 
38 I 0-80 46±4 23 II 140-240 35±10 
38 II 80-130 43 ±9 38V 240-270 49±4 
38IV 190 - 240 30±6 38 III 130-190 49±19 
38IV 190 - 240 30 ±6 
38 v 240-270 49 ±4 mean±2s.e. 63±43 
mean±2s.e. 56±22 
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Figure 6.3 The stratigraphy of biogenic silica in cores from unregulated Billabong 11 and regulated Billabong 13. 
Both billabongs are on farms. The European settlement boundary was not established for Billabong 13, and is 
probably the boundary between chemical zones II and III in Billabong 11. See also the caption from figure 6.2. 
Billabong 11 
Levels of biogenic silica are highest for the survey in zone III of Billabong 11 (mean of 
193 mg/ g; table 6.9), including 336 mg/ g at 135 cm. The transition to and from Si levels 
in zone III is not gradual (figure 6.3). Levels decline sharply from pre-settlement zone 
III to post-settlement zone IL 
Billabong 13 
Levels of Si appear to be only slightly higher in zone I than zone II of Billabong 13 
(figure 6.3). 
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Billabong 21 
Biogenic silica peaks in pre-settlement zone II of Billabong 21 at 155 mg/ g (figure 6.1). 
This culminates a gradual rise in Si throughout zone III, similar to the graded pattern 
found for other chemical parameters (Chapter 5). A sharp drop in silica precedes the 
first appearance of Pinus pollen, and the decline in percent chydorids, in zone I. 
Billabong 25 
The most distinctive chemical feature of zone II is elevated levels of biogenic silica (-80 
mg/ g, figure 6.1; cf. other parameters in Chapter 5). The decline in Si coincides with the 
first appearance of Pinus pollen. 
Billabongs 23, 32 and 38 
Levels of biogenic silica are fairly stable in the cores from Billabongs 23, 32 and 38 
(figures 6.1and6.2). 
6.4 Discussion 
6.4.1 Taphonomy and sampling bias 
The change in relative abundance of nearly all of the common chydorid species, and the 
majority of the minor species, from before settlement to the present day is either the 
result of an environmental change, a taphonomic artefact, or a result of a particular 
sampling bias. The latter two explanations are considered first before discussing 
evidence of environmental change. 
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Taphonomy 
Organic decomposition of cladoceran remains increases with settlement, based on 
observations of their condition. This is not unexpected since sediment redox levels 
appear to become more oxidising in a number of billabongs after settlement (Chapter 5) 
and redox is very important to rates of organic breakdown (Brinson et al. 1981). This has 
the potential to affect the interpretation of the fossil record. 
Effects on percentage chydorids 
Although sediments appear to have become more oxidising since settlement, the effects 
of this on the percentage of chydorids in cladoceran assemblages are unclear. Evidence 
can be drawn from several sources: 
1) A comparison between the composition of surface sediment assemblages ('recent') 
and those in the top of long cores ('post-settlement') reveals some discrepancies. In 
some cases (Billabongs 21, 32, 38 and Toke) percentage chydorids is greater in 
recent than post-settlement assemblages, suggesting differential destruction of 
chydorids, and in others (Billabongs 23, 25 and Hogan's) the opposite is found, 
suggesting differential destruction of bosminids. In Billabong 9, the relative 
abundance of chydorids is similar in the recent and post-settlement assemblages, 
suggesting no differential destruction of chydorids relative to bosminids. In the 
billabongs with discrepant recent and post-settlement assemblages, taphonomy 
may have altered assemblage composition. However, several alternative 
explanations exist. 
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The discrepancy between the percentage of chydorids in recent and post-
settlement assemblage composition may be an artefact of time-averaging. The 
recent assemblages are from the very surface of the sediment. In some billabongs, 
the sediments sampled may have accumulated over months, in others with a low 
sedimentation rate, a year or years. The post-settlement assemblages almost 
certainly accumulated over years (15 mm slices, average accumulation rate of 5.7 
mm/year; Chapter 5). If the short-term flux of remains varies in the percentage of 
chydorids, it may lead to discrepant results where recent assemblages only 
represent a short period of accumulation relative to post-settlement assemblages. 
The discrepant data could also relate to the fact that recent assemblages were 
collected from a different spot than the long-core site, from which the post-
settlement assemblages came (recent assemblages came from 3 surface samples, 
which were pooled; Chapter 4). This would be in spite of the fact that samples 
came, in all but one case, from the same general area of the billabong (the deepest 
zone). Hogan's is the only billabong where the surface assemblage was recovered 
from a different (deeper) area than where the core was taken, a limitation imposed 
by the coring rig used to recover the long core. 
2) Across all cores, levels of fragmentation and disarticulation appear to be unaffected 
by settlement (section 6.3.3), suggesting that on average, taphonomic processes 
have not increased the loss of chydorids or Bosmina much. 
3) A gradual increase in percentage chydorids towards the surface of the continuous 
core from Toke Billabong, where the present-day macrophyte cover appears to be 
minimal, supports the proposition of taphonomic bias due to differential 
destruction of the chydorids. 
In cases where the percentage of chydorids is possibly decreased by taphonomic forces 
(Billabongs 21, 32 and 38; figures 6.1 and 6.2) the strength of this potential bias can be 
estimated by comparing the percent chydorids in recent, post- and pre-settlement 
assemblages (figure 6.4). Of the 72% average decrease in chydorids in Billabongs 21, 32 
and 38 since settlement, 30% may be due to differential destruction of chydorids 
relative to bosminids. 
In billabongs where the percentage of chydorids may be increased by taphonomic 
forces (Billabongs 23, 25 and Hogan's Billabong; figures 6.1 and 6.2), the potential 
effects of taphonomy on interpretations appear less serious. In Billabongs 23 and 25 the 
relative abundance of chydorids changes little with settlement and is generally variable, 
so a slight increase between recent and pre-settlement assemblages is perhaps not 
surprising. In Hogan's, the present-day macrophyte cover is low, and an interpretation 
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Figure 6.4 A model to explain the stratigraphy of percentage chydorids in terms of taphonomic 
processes. The levels of chydorid relative abundance are based on averages for Billabongs 21, 32 and 38 
(42, 84, and 12 % for recent, pre- and post-settlement assemblages respectively). Decreasing chydorid 
prevalence in the upper core is due to a combination of a more restricted littoral zone of aquatic 
macrophytes, and increased differential decomposition of the chydorids resulting from more oxidising 
conditions. The change in preservation potential may be related to the decline in the macrophytes, which 
might affect redox conditions (see text). 
that the cover may even have been lower in the post-settlement period nonsense. At the 
very least, though, no taphonomic bias against the chydorids is apparent in these 
billabongs, so interpretations linking declining macrophyte with the onset of land-use 
cover (in Hogan's Billabong and Billabong 25, see below) are not greatly affected. 
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At the family level, then, the chydorids may degrade more readily than Bosmina in 
some billabongs but not others. The interpretation of the stratigraphy of percentage 
chydorids must still take into account possible differential taphonomic effects described 
above. This is best done using the contrast of surface sediments and those immediately 
underlying the surface. 
Effects on individual chydorid species 
The species-specific susceptibility to taphonomic forces of Cladocera within the family 
Chydoridae was not measured. However, few chydorid species are present only in 
shallow sediments like the macrothricids, and none of those that are display strong 
signs of decomposition, like the macrothricids do, or fragmentation. Therefore, the 
impression gained from the condition of the remains is that there are not any chydorid 
species that are exceptionally susceptible to fragmentation or decomposition. 
Sampling bias 
There is a potentially important sampling bias between recent assemblages and ones 
from other time periods. Recent assemblages are from a wider range of billabong types 
than the cored billabongs, which are relatively deep (1.5 to 4m) sites with permanent 
water. This could lead to the false impression of higher biodiversity in recent 
assemblages. Moreover recent assemblages were all deposited at around the same time 
(1993) although, as alluded to above, in billabongs with extensive bioturbation or 
sedimentation rates less than 1 cm/year assemblages will include fossils deposited in 
preceding years. In contrast, pre- and post-settlement assemblages are from a number 
of different years, and each sample probably represents several years of data due to the 
compaction of sediment layers. This should create the false impression of higher 
biodiversity in pre and post-settlement assemblages. If either sampling bias is 
significant, the pre and post-settlement assemblages should be similar to one another 
and quite different to the recent assemblages. 
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6.4.2 Environmental chang~ with settlement 
Chydorid species 
For Ephemeroporus ex. 1, which is a codominant before settlement, there is little doubt 
that at least part of their decline in abundance is due to land use. Regarding 
taphonomy, even the decomposition-prone macrothricids show up in 50% of surface 
sediment samples, but only a single Ephemeroporus ex. 1 remain was found, and it 
showed no signs of decomposition. Sampling bias is not the cause of their lower 
abundance, since the cored billabongs, and similar ones, were sampled for their surface 
assemblages and should have had some remains. 
The other trends in chydorid species abundance are not due to sampling bias, but 
taphonomy cannot be eliminated as a potential explanation for these patterns. The post-
settlement assemblages (1875-1990) are intermediate in their composition to recent and 
pre-settlement assemblages (tables 6.4 and 6.5), which is not expected if the patterns are 
due to sampling bias. However, the changes in relative abundance with settlement in 
observed in a number of species are not as marked as for Ephemeroporus ex. 1, and the 
possibility that these are due to taphonomy cannot be eliminated. The fact that non-
taphonomic changes have been demonstrated in Ephemeroporus ex. 1, though, increases 
the likelihood that a proportion of the abundance patterns are due to environmental 
change rather than taphonomy. 
There is some evidence that the regional biodiversity of chydorids appears to have 
increased since settlement (table 6.3), presumably due to the introduction of exotic 
species, but there is a large amount of uncertainty about this. Of the 7 potential species, 
only two, Leydigia acanthocercoides and Alona cf diaphana are found in both recent and 
1875-1990 assemblages. The remaining 5 species may be artefacts of sampling bias. 
Furthermore, Ephemeroporus ex. 1 is undoubtedly composed of more than one species 
(Appendix 1). Their rarity after settlement increases the likelihood that at least one of 
the members of the complex has gone extinct, offsetting gains in regional biodiversity. 
Regardless, the increase in regional biodiversity might be short-lived if the abundance 
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trends in tables 6.4 and 6.5 are real and continue. Seven species besides Ephemeroporus 
ex. 1 show a trend of decreasing abundance with time. 
Species richness and diversity of individual assemblages are on average lower in recent 
than in pre-settlement assemblages, and equitability is essentially unchanged. This is 
neither an effect of decomposition or of a wider range of habitats contributing to recent 
assemblages, since both would create higher, not lower richness. However, increasing 
sedimentation rates can lead to decrease in fossil assemblage diversity without any 
changes in the diversity of the living communities (Smol 1981), and sedimentation rates 
were shown in Chapter 5 to have increased since settlement. Since no striking patterns 
occur in the historic levels of diversity, no change in the diversity of living assemblages 
is inferred. 
Extent of the littoral macrophyte zone 
The stratigraphy of chydorid relative abundance seen in Hogan's Billabong and 
Billabongs 9, 32, 38 and, from limited data, Billabong 21 (figures 6.2 and 6.3), indicates 
both declining macrophyte abundance and changing taphonomy. In some billabongs, 
e.g. Billabong 9 and possibly Hogan's, chydorid relative abundance is not negatively 
biased by taphonomic processes, and in billabongs where may be, it only accounts for 
about 40% of the decrease in chydorids (figure 6.4). Therefore, the step-like decrease in 
chydorids also suggests a contraction of the littoral macrophyte zone in these 
billabongs. This is consistent with observations made in the limnological survey; these 
billabongs are nearly devoid of submersed macrophytes, and have few emergents, 
except for limited growth in Billabongs 9 and 21. 
Furthermore, the contraction of littoral macrophytes with European settlement may 
also contribute to the differential destruction of chydorids. As the littoral macrophyte 
zone contracts, less organic matter is produced and decomposition of the remaining 
organic matter is less likely to be limited by a lack of electron acceptors in the reducing 
conditions. In the more 'aggressive' environment, chydorid remains may be broken 
down at a faster rate than bosminid remains. This may also explain the shift towards 
more oxidising conditions observed in billabongs (Chapter 5), and implies that lower 
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water levels from increased E/P are not responsible for increasing sediment oxidation. 
Indeed, the 4 billabongs in which increased oxidation is suggested on the basis of 
chemical and structural criteria (Hogan's, 21, 31 and 38; table 5.6) have strong evidence 
of decreasing macrophyte cover. Contrary to this, the conditions in Billabong 25 have 
become more reducing based on chemistry I structure, but the Cladoceran remains in 
this core are equally degraded to the cores where oxidation is suggested. 
The decline of macrophytes in these billabongs occurred early in the post-settlement 
period. In all billabongs but number 9, the step-decrease coincides with the first 
appearance of Pin us pollen. Even in Billabong 9, the decrease occurs near the base of the 
post-settlement unit. Furthermore, although the cover of macrophytes decreases with 
settlement, macrophyte cover changes little within the pre and post-settlement periods. 
The exception to this pattern is Billabong 9, where chydorid relative abundance varies 
in the lower pre-settlement period. 
The contraction of macrophytes does not appear to be an effect of regulation, fertiliser 
use, carp introductions, or any other 20th cetury phenomenon (Chapter 2) since it occurs 
early in the post-settlement period. Moreover, with respect to regulation, the 
macrophyte decline occurs on unregulated stretches of floodplain, although the records 
from unregulated floodplain are more equivocal. Billabong 9 provides the best evidence 
on unregulated floodplain. Therefore, an early farming activity is implicated by the 
data, as was the case for changing redox conditions (Chapter 5). Furthermore, 
submersed macrophytes, which are rare in the large, deep billabongs, have been 
affected most. Emergent macrophytes still occur on the fringes of the billabongs, albeit 
in low abundance. 
In contrast to the other billabongs, macrophyte cover in Billabongs 23 and 25 has 
changed little with settlement. The temporal trend of chydorid relative abundance in 
Billabong 25 is inconsistent, and chydorid abundance is generally high in Billabong 23. 
This agrees with present day observations. Billabong 23 has a substantial cover of 
macrophytes, and Billabong 25 has small peripheral beds that occasionally expand. The 
contraction of the littoral macrophyte zone is therefore most pronounced in largest 
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billabongs (Hogan's, 32, 38) and moderate-sized Billabong 9, is less pronounced in 
moderate-sized Billabong 21, and is nonexistent in the smallest Billabongs, 23 and 25. 
Macrophytes are not absent from the floodplain, but appear to be restricted to shallow 
billabongs or small, deep billabongs. The ecotype of a large (>4 ha), deep (>2 m) 
billabong with fringing beds of macrophytes that was present before settlement has 
nearly disappeared from the region. 
The decline in macrophytes provides a possible mechanism to explain changing 
patterns of chydorid species abundance. Phytophilous chydorids would be 
disadvantaged by the loss of macrophytes in large, deep billabongs although, as stated 
above, macrophytes are still common in shallow and small billabongs. It is noteworthy 
that the single occurrence of Ephemeroporus ex. 1 was in Billabong 6, a deep billabong 
which has retained a well developed fringe of macrophytes. Possibly this species is 
better adapted to the low-oxygen environment beneath macrophyte beds, but competes 
poorly in the better oxygenated zones that most chydorids prefer (Whiteside 1974). The 
expansion of the limnetic zone would probably not advantage any chydorids. They 
occur uncommonly in the limnetic zone of billabongs, probably as littoral strays 
(Chapter 4), and Chydorus sphaericus s.str. that is occasionally abundant in the limnetic 
zone of North America and Europe (e.g. Manca and Comoli 1995) does not occur in 
Australia (Shiel and Dickson 1995). Therefore increasing abundance of other species 
with settlement might be relative only, not absolute. 
Siliceous Algal Productivity 
The interpretation of loosely-bound Si stratigraphy in terms of siliceous algal 
productivity may have to take into account, amongst other things, changing redox 
conditions Gones and Bowser 1978). However, Si concentration appears to be unrelated 
to redox levels in billabongs (table 6.9), and therefore the changing redox, or metal 
concentrations that accompany this, should not affect the interpretation of Si 
stratigraphy. 
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Of the seven cores with both chronologic controls and Si stratigraphy, four show a 
trend of decreasing Si concentration that coincides with settlement (Billabongs 9, 11, 21, 
25). The four affected billabongs do not correspond to the four with the strongest 
evidence for changing redox, supporting the conclusion that redox is not controlling 
this pattern. Two are small (Billabongs 21, 25), two medium sized (Billabongs 9, 21), 
and all four are on unregulated floodplain. However, falling Si levels early in 
settlement, or even slightly preceding settlement, are unlikely to be an effect of river 
regulation. The question of whether declining Si levels occur before or after settlement 
is the same as for redox conditions in section 5.4, where it was concluded that the 
change most likely occurs with settlement rather than preceding it. 
Lower concentrations of Si could result from dilution by inorganics as sedimentation 
rates rise, but the declining pattern is observed in Billabong 21 where sedimentation 
rates are low compared to other billabongs (Chapter 5). Moreover, the lowest Si 
concentrations in chemical zones are never fall much below the general, base level, as 
might be expected if an exceptional influx of sediments were to dilute the biogenic 
silica. It is not possible to completely rule out changing sedimentation rates as 
underlying the patterns of Si stratigraphy, but it seems unlikely. 
There is therefore weak evidence that siliceous algal productivity in billabongs has 
decreased in small billabongs, possibly only in upper parts of the floodplain, as a result 
of early land use. This may also be true of small billabongs further downriver, but such 
billabongs were not cored. It is worth noting that this does not mean that total algal 
production has decreased in these billabongs; non-siliceous algal production may have 
compensated for the decrease in siliceous algal production, for instance by out-
competing the siliceous algae. 
Summary and implications for anthropogenic impacts 
Many of the large, deep billabongs in the region formerly had a fringe of aquatic 
macrophytes, which has disappeared since early settlement. Small billabongs retain 
their macrophyte cover, but there is evidence of reduced diatom productivity in these 
billabongs, at least in upper river reaches, since early settlement. The regional 
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distribution and timing of these impacts suggests an early land use practice as the 
cause. Following the arguments in Chapter 5, this is likely to be farming practice, and is 
definitely not related to river regulation or carp. 
Changes in the primary producers, or other impacts of settlement, have lead to an 
abrupt decline in members of Ephemeroporus ex. 1, and probably more gradual changes 
in the abundance of a number of chydorid species. The land-use practice responsible for 
these changes is not clear from the data, which are pooled. It is possible that some of the 
patterns of changing abundance are due to taphonomic processes. 
The gradual changes in chydorid species abundance suggest that billabongs are being 
affected by a press disturbance (as defined in Yount and Niemi 1990), if they are not a 
result of taphonomy. The impacts on algae and macrophytes are press disturbances or 
press responses, different from the disturbance of chydorids, except Ephmeroporus ex. 1, 
in that the effects are not gradual. 
There are two important implications of these findings. Firstly, they support the 
conclusion in Chapter 5 that there have been regional impacts of land use on 
billabongs. Billabongs presently remote from farming activities or river regulation 
cannot be assumed to exhibit a 'pristine' ecology. This is true for both large billabongs 
due to impacts on macrophytes, and possibly small billabongs from impacts to algae. 
Secondly, the concept that the flora and fauna are preadapted to anthropogenic 
disturbance (cf. Poff and Ward 1990), supported by the findings in Chapters 3 and 4, 
must be re-examined in light of this evidence for substantial disturbance. This is left to 
Chapter 7. 
The patterns of macrophyte abundance suggested by the stratigraphy of percent 
chydorids in Billabongs 9, 21, 32, 38 and Hogan's Billabong suggests that two 
'alternative stable states' of macrophyte abundance may exist in billabongs. The concept 
of multiple stable states in macrophyte/ algal relationships was developed from the 
models of May (1977) for shallow lakes in northern Europe by Martin Scheffer (1990; 
also Scheffer et al. 1993). The application of this concept to billabongs is reviewed with 
respect to evidence in this and other chapters in Chapter 7. 
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Finally, the stability of the level of percentage chydorids in the presettlement period, 
which spans around 3000 years, does not support the concept of major ecological 
'resetting' events occurring as a result of infrequent, large-scale disturbances such as 
very large floods. However, the temporal resolution of these data is poorly suited to 
evaluating the possibility of large-scale disturbances; assuming a sedimentation rate of 
0.5 mm/year (Chapter 5), adjacent assemblages in cores were deposited about a 
century apart. Moreover, the species composition may have varied within the 
Chydoridae and Bosminidae without affecting the ratio of remains of these two 
families. Ways that the hypothesis of large-scale disturbances 'resetting' the ecology of 
billabongs can be evaluated are examined in Chapter 7. 
6.5 Conclusions 
The conclusions of Chapter 6, based on the historical records of and biogenic silica, are 
as follows. 
1) An early land use practice has lead to the widespread decline of aquatic macrophytes 
in large, deep billabongs. The habitat type of a large, deep, vegetated billabong has 
nearly disappeared from the region. 
2) The chydorid species complex Ephemeroporus ex. 1 is codominant in the pre-
settlement period but is rare in the post-settlement period. There is some evidence that 
this relates to the loss of habitat highlighted in conclusion 1. 
3) The prevalence of chydorid species other than Ephemeroporus ex. 1 may have changed 
since settlement, but the alternative explanation of taphonomic alteration of the historic 
record cannot be ruled out. 
4) The productivity of siliceous algae in small billabongs located in upriver sections of 
the field area has probably decreased since settlement, but it is possible that evidence is 
an artefact of increased sedimentation rates. 
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5) Early farming practices are the most likely cause of the patterns in the above 
conclusions. River regulation is not likely to be the responsible agent, especially for the 
macrophyte decline. 
6) The anthropogenic disturbances are of the press variety. 
7) The findings support the conclusion in Chapter 5 that billabongs remote from land 
use activities cannot be assumed to have a pristine ecology. Widespread changes in 
billabong ecology at settlement have not been reversed since then, and in the case of the 
chydorids, ongoing disturbances may be occurring. 
8) The concept that the flora and fauna of billabongs are preadapted to anthropogenic 
disturbance must be reconsidered in light of the evidence presented in this chapter. 
9) The concept of alternative macrophyte/ algal stable states (Scheffer 1990) may be 
applicable to billabongs. 
In the next chapter, present-day and historic evidence of disturbance is reconciled, and 
other implications of the results for billabong ecology are highlighted. 
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Billabong 38 (bottom) probably used to be colonised with aquatic macrophytes, as in 
Billabong 6 (top). 
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Chapter 7 Discussion and conclusions 
7.1 Anthropogenic disturbance of billabongs 
7.1.1 Main impacts and agents of disturbance 
The macrophyte community appears to have declined since European settlement in 
large, deep billabongs of the southeastern Murray Basin based on the percentage of 
phytophilous Cladocera in pre- and post-settlement sediments (Chapter 6). This was 
accompanied by a change in redox conditions of profundal sediments, usually 
increased oxidation, as indicated by historic changes in sediment structure, organic 
matter content, and the chemical stratigraphy of iron and manganese (Chapter 5). Some 
substantial shifts in the composition of chydorid cladoceran assemblages have also 
occurred with European settlement, including a marked decline in at least one 
Ephemeroporous species that was abundant before settlement (Chapter 6). 
Two lines of evidence suggest that these historic changes coincide with early European 
settlement in the middle to late 1800's rather than the start of river regulation in the 
1930's. First, the historic patterns are found in billabongs on unregulated floodplain. 
Second, the changes occur at the time of the first appearance of exotic Pinus pollen in 
the fossil record. Pinus pollen was first produced in the region around 1875 on the basis 
of the history of Pinus introductions and Pinus biology. However, it is possible that 
Pinus pollen does not appear in the fossil records until after the establishment of pine 
plantations, and likely a denser pollen rain, in the region around 1930 (Chapter 5). 
Independent sediment dating did not resolve this question. On balance the 
interpretation of ca. 1875 is slightly more consistent with the chronological data 
(Chapter 5), and considered along with the capacity of pines to produce copious wind-
dispersed pollen, is more likely correct. Impacts occurring in the late 1800' s and on 
unregulated floodplain suggest that an early farming activity is responsible. 
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The impacts of regulation on the billabong biota examined appear to be relatively 
insubstantial compared to those of an early farming activity. There is no clear evidence 
that regulation affects total macrophyte cover in billabongs in either the present-day or 
historical data. Present-day Cladocera vary more with patterns of regulation than with 
farming intensity, but the variation is mainly in uncommon species (Chapter 4) and is 
less marked than the historic decline in Ephemeroporous related to farming (Chapter 6). 
However, because post-settlement Cladoceran assemblages were not differentiated into 
pre- and post-regulation periods, no comment can be made about whether regulation is 
a factor in the ongoing decline in some cladoceran species and the increase in others 
(Chapter 6). Furthermore, the historical studies focussed on deeper billabongs, which 
are less likely than shallow ones to have experienced altered permanence from river 
regulation. Part of the reason that lower historical impacts of regulation were found 
may, therefore, relate to methods used in the investigation. Finally, it should be 
emphasised that, while no effect on total macrophyte cover was found, the species 
composition of macrophyte communities. was not examined and may well have been 
impacted by river regulation. 
It is noteworthy that the focus of farm activities is localised but the historical impacts 
occur in billabongs presently remote from farm centres. Furthermore, the persistence of 
low macrophyte cover and a consistent redox record in the post-settlement period, and 
continuing trends of changing predominance of chydorid cladoceran species to the 
present day (1993), all imply that farming has caused a press disturbance (cf. Yount and 
Niemi 1990). With the exception of Ephemeroporous, the chydorid species data is weaker 
evidence due to taphonomic and taxonomic uncertainties, and pooling of the 1875-1990 
assemblages, but it is nevertheless consistent with the interpretation based on 
macrophyte and redox data. Either: 
• the changes in billabong limnology are incorrectly attributed to farming and are in 
fact due to a natural change in the regional environment, or 
• the effects of farming are being delivered locally but are transmitted throughout the 
ecosystem (e.g. the Flood Pulse Concept; Junk et al. 1989), or 
• the effects of farming are presently being delivered regionally, or 
238 
• a pulse of regional farming activity in the late 1800's had a sustained, 'press' effect 
on the ecosystem. 
The degree of ecological connectivity in the Murray Basin floodplain ecosystem is 
unknown, but it is possible to comment on natural environmental change and the direct 
regional impacts of farming. 
Increased regional dryness from about 1850 has been suggested by Bowler (1981) and 
De Deckker (1982) who examined the stratigraphic records of maar lakes in Western 
Victoria. However, the period from 2000 BP to 1850 AD also includes some short, dry 
phases (Bowler 1981; Gell 1995; Mooney, in prep). This contrasts with the record of 
aquatic macrophytes in billabongs, which indicates stable dominance of macrophytes 
prior to settlement in 4 out of 5 billabongs where a post-settlement decline is observed 
(Chapter 6). The western Victorian maar lakes are highly sensitive to variation in the 
balance of evaporation and precipitation; only a 0.5 °C rise in temperature or a drop in 
annual precipitation of -10-20% is required to obtain the observed fall in lake levels of 
Lake Keilambete Gones et al. 1993). Floods, which replenish billabong waters, are 
unlikely eliminated by such an increase in dryness. Because the macrophyte cover in 
billabongs appears to be unaffected by climatic changes before 1850, the minor climatic 
change since 1850 probably is not the cause of the macrophyte decline. 
Two factors related to farming that are widespread in the region are grazing and levels 
of turbidity in flood water. Cattle and sheep are stocked nearly everywhere on the 
floodplain, and are known to consume some species of water plants (Sainty and Jacobs 
1981). Early grazing pressure was intense throughout the region (Chapter 2), so direct 
grazing pressure is possibly responsible for the decline in macrophytes. However, 
present stocking rates on the floodplain vary enormously. If introduced grazers are 
responsible for maintaining depressed levels of macrophytes, then only the lowest 
stocking rates on the floodplain must be needed to do so, since large, deep billabongs in 
more sparsely stocked areas (e.g. around Billabongs 32 and 38) are currently devoid of 
macrophytes. 
The turbidity of flood water positively affects the turbidity of billabong water (Chapter 
3), so that erosion of farm land may negatively affect macrophytes in billabongs. The 
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increase in turbidity in billabongs following the first floods in 1992, independent of 
depth variation, was only 9 NTU (figure 3.6), translating to a decrease in the euphotic 
depth of 15-25% depending on the empirical formula used to derive the estimate 
(section 3.3.3). This might have an impact on macrophytes because the euphotic depth 
is close to maximum billabong depth in many billabongs (Chapter 3), and hence to the 
depth the majority of macrophytes colonise. However, this variation is probably too 
slight to have maintained such a widespread decline in macrophytes, including in 
billabongs of varying maximum depths and therefore differing relationships of 
euphotic depth to maximum depth. Turbidity may still be a factor in the initial decline 
of macrophytes, since sediment supply was probably greater in the late 1800's than at 
present (e.g. Prosser et al. 1994). An analogue for the historic macrophyte decline in the 
Murray Basin may be the Illinios River (USA), where increased sediment loads in flood 
waters from post World War II agricultural practices triggered a widespread decline in 
macrophytes in floodplain lakes (Bellrose et al. 1979). 
With respect to the impacts of farming, variation in external phosphorus loading is not 
implicated as a cause of the change of Cladocera and macrophytes, which commenced 
before the beginning of fertiliser use in the 1930's. Moreover, the expansion of carp in 
the region is also not responsible since this only occurred in the early 1960's. 
In summary, either increased grazing pressure (above that of native fauna) or higher 
flood-turbidity levels, or both, may have lead to the decline of macrophytes in the 
middle to late 1800's. Moreover, grazers wading into billabongs would have stirred up 
the muds, further increasing turbidity. However, present levels of grazing intensity and 
flood-related turbidity do not appear strong enough to sustain uniformly depressed 
levels of macrophytes across the region. 
In Chapter 6 it was noted that the 'step' pattern in the historic decline in macrophytes 
resembles variation expected if alternative stable states can occur in the aquatic 
vegetation of billabongs. Low levels of total macrophyte cover might be sustainable if 
these algal/macrophyte dynamics operate in billabongs. This possibility is now 
explored. 
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7.1.2 Macrophyte/algal switching in billabongs 
The applicability of the hypothesis to billabongs 
Scheffer (1990; also Scheffer et al. 1993) proposed that in certain situations it is possible 
for alternative equilibria of either macrophyte or algal dominance in the vegetative 
community to arise from the same initial lake conditions. The alternative states are 
stable due to a number of positive feedback mechanisms. A variety of processes or 
disturbances may lead to a switch from one stable state to another, models for which 
are provided in Scheffer (1990), but the proximal reason for switching is turbidity. 
There are a number of assumptions of these models that can be considered with respect 
to billabongs. 
For alternative stable states in aquatic vegetation to arise: 
1) Aquatic vegetation should have a negative effect on turbidity. This has not been 
demonstrated for aquatic vegetation in Australia, but macrophytes are known to 
improve light conditions by sediment trapping and the reduction of 
phytoplankton concentration by nutrient competition, by harbouring 
invertebrate grazers, and probably by the secretion of allelopathic substances 
(e.g. Phillips et al. 1978; Timms and Moss 1984; Anderson 1990; Jeppesen et al. 
1990; van Donk et al. 1990). 
2) Nutrient levels should be intermediate; not so low that macrophyte growth is 
prevented, but not so hypertrophic that algae will dominate regardless of other 
factors. The nutrient levels measured in Chapter 3 are certainly not oligotrophic, 
and are only hypertrophic in a few very shallow water situations. 
3) A major part of the waterbody should be habitable by macrophytes. None of the 
billabongs is deep enough to prevent habitation by some species of native 
macrophytes if light conditions are adequate (Royle and King 1991). 
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4) Small changes in turbidity or water levels could potentially have a high impact on 
vegetation. This situation will arise when the euphotic depth is less than the 
depth of the waterbody, which is often the case in billabongs (Chapter 3). 
5) Stable alternative macrophyte or algal dominated states should only be found in 
relatively shallow, even-bottomed lakes. In such lakes, when turbidity levels are near 
critical levels for photosynthesis to take place, fairly minor fluctuations in 
turbidity will prevent photosynthesis in a large proportion of the water column 
due to the shape of the lake basin. As turbidity levels increase, and the euphotic 
depth becomes shallower than the lake depth, a catastrophic decline in 
macrophytes will occur since nearly all of the macrophytes occupy the same 
position in the water column. Once the majority of the lake is only habitable by 
phytoplankton, feedback mechanisms help to stabilise their dominance. In lakes 
with gently sloping basins, the relative area that can be colonised by 
macrophytes does not change as drastically as turbidity levels increase, and the 
decline in macrophytes is more linear with increasing turbidity levels. 
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The historical 'switch' from a macrophyte rich to a macrophyte poor state is 
found in the most even-bottomed billabongs in this study. Three of the 
billabongs with evidence of switching are the deepest but are also much larger 
than Billabongs 23 and 25, which do not display switching. The bottom slope of 
the basins of the large billabongs displaying switching was not measured but is 
estimated to be .007 from ni.aximum depth and length dimensions. In contrast, a 
minimum gradient of .015 and .040 occurs in Billabongs 23 and 25, which lack 
patterns of switching, and much steeper gradients are found in the numerous 
small, macrophyte rich billabongs in the limnological survey. Moreover, the few 
large, deep billabongs with submersed macrophytes in them today seem to also 
have steeply sloping basins. Billabong 6 is 1.5 ha in area but is 471 cm deep 
(slope= .05). Billabong 5 is 242 cm deep and 5.8 ha in area (slope= .004 based on 
length-depth relationship), but is unusually narrow and sinuous, and therefore 
has many intermediate depth zones for macrophyte colonisation. 
Large, (relatively) deep billabongs in the study area therefore appear to have the 
characteristics of lakes for which Scheffer's (1990) models for alternative stable states in 
aquatic vegetation should apply. It is plausible that in these billabongs the unvegetated 
and vegetated states can both occur from the same basic limnological conditions. 
Indeed, the only major difference in the physicochemistry of deep billabongs that are 
vegetated and those that are unvegetated is that the light penetrates significantly 
deeper in the vegetated billabongs (table 3.13), which is as likely an effect of vegetation 
as a cause of it. Douglas-Hill (1995) also recently suggested that these two stable states 
are found in New South Wales farm dams. 
Macrophyte beds are presently found in the study area in very shallow billabongs 
(large or small) and in deep but small billabongs. Presumably in very shallow 
billabongs, no matter what the turbidity levels, enough light reaches the aquatic plants 
that they can survive. In small but deep billabongs, the relationship of macrophyte 
abundance with turbidity is relatively linear. If a turbidity related decline in 
macrophytes occurs, it is not stable; as soon as conditions improve, macrophytes again 
dominate. 
Alternative stable states may explain the non-linear nature of the relationship between 
percentage chydorids and macrophyte cover (Chapter 4). If macrophytes are absent 
chydorid relative abundance depends on the amount of alternative surfaces available. If 
macrophytes are present, even in low cover (e.g. 20%), and planktonic algae are absent 
the Bosmina have no food source and the chydorids dominate. 
Contrary to expectations, an increase in siliceous algal productivity does not 
accompany the decline in macrophyte cover. Perhaps non-siliceous algae dominate in 
the absence of macrophytes. Alternatively, the greater productivity in the water column 
may be offset by lower productivity by benthic and epiphytic algae. The benthic algae 
are also likely to preserve better since they are more robust and they are not subject to 
dissolution before they enter the surface sediments the way planktonic diatom are. 
Finally, the interpretation of falling algal productivity could be an artefact of increasing 
sedimentation rates, which may have overcompensated for increased biogenic silica 
supply. 
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Alternative explanations 
The pattern of abrupt macrophyte decline, in the context of billabongs is not compatible 
with several other possible explanations for vegetation change. The historical pattern of 
increasing open water is opposite to what is expected with succession (Van der Valk 
1982). Water levels must increase to reverse succession (Van der Valk 1987). Maximum 
water levels are not limited by flooding but mean levels are. However, a large increase 
in the rate of flooding would be required to have an effect on mean water levels and 
this is unlikely. Water levels might increase due to the progressive scouring of 
billabongs, but the pattern of reversed succession would be more gradual than is 
observed. Changes in the regime of inundation, wetting and drying may lead to species 
replacements or shifts in the location of flora (Rea and Ganf 1994) but should not result 
in the elimination of the macrophyte community. 
Decreased nutrient availability may also have resulted from the accelerated supply of 
low-nutrient sediments following European settlement (Barko et al. 1991). The decline 
in macrophytes in Billabongs 9 and 32 coincides with falling phosphorus 
concentrations. However, phosphorus concentration in the basal macrophyte rich zone 
Billabong 21 is the same as in the surface, low-macrophyte zone, and phosphorus in 
Billabong 38 drops only slightly. Relatively low phosphorus concentration in the 
stratigraphic zones that imply low macrophyte cover are probably due to more 
oxidising conditions in the profundal zone (Chapters 5 and 6), which is an effect of the 
macrophyte decline rather than a cause of it. However, altered sediment nutrient levels 
remains a plausible alternative that cannot be definitely ruled out. 
In summary, the concept of alternative stable states in the vegetation is an attractive 
hypothesis to explain the historic decline in aquatic macrophytes in large, deep 
billabongs, and several alternative explanations considered seem less plausible. 
Alternative stable states are consistent with the abruptness of the historic decline, the 
basin slope of the billabongs affected, and the stability of the macrophyte rich and poor 
states. Of course, testing of this hypothesis is required before it can be asserted that this 
is a major factor in the patterning of macrophytes in the regions billabongs. 
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7.1.3 Interpretation of impacts in light of macrophyte/ algal switching 
The historical record demonstrates that the biota in billabongs have been disturbed, 
probably by farming in the late 1800' s. The decline of macrophytes in billabongs is 
probably due to abnormal factors (for the ecosystem) e.g. intensive grazing pressure, 
excessive turbidity. It is plausible that farm impacts have declined this century; the 
development of farm dams reduced graziers reliance on the river as a water source and 
phase of extensive regional gully formation with early agriculture appears to have 
stabilised by at least the 1940's (Prosser and Winchester 1996). In spite of this, low 
macrophyte cover has persisted to the present day suggesting persistent (press) 
disturbance by farming and/ or river regulation. If alternative stable states in the 
aquatic vegeation exist, the stability of the phtyoplankton dominated state may have 
maintained the depressed levels of macrophytes, giving the illusion of a press) 
disturbance. 
Similarly, the ongoing decline in certain cladoceran species since settlement (Chapter 6) 
may arise from their favoured habitat being found in a deep, macrophyte rich 
billabong, which is now a rare billabong type due to the stability of the phtyoplankton 
dominated state. A local refuge population in one of the remaining favourable 
billabongs may become increasingly isolated as widespread natural disturbances 
reduce the number of other refuge populations, and the likelihood of reinvading a 
favourable billabong following a disturbance will decline accordingly (cf. Niemi et al. 
1990). 
Apart from the historic impact on macrophytes and associated effects on Cladocera, the 
composition of cladoceran assemblages presently appears to be strongly influenced by 
the natural disturbance regime. Present-day Cladocera vary more with patterns of 
regulation than with farming intensity, which is consistent with the relative effects of 
these factors on present day physicochemistry (Chapter 3). Overall, however, the 
present-day patterns of Cladocera and total macrophyte cover are only weakly related 
to farming and regulation; the biota appear to be adapted to the anthropogenic 
environmental variation that presently affects them (cf. Poff and Ward 1990; Yount and 
Niemi 1990). Annual variation in some aspects of present-day billabong 
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physicochemistry due to natural factors is high, and there is reason to believe that 
significant shorter term variation also occurs (Chapter 3). Anthropogenic variation in 
physicochemistry is lower or equal in magnitude to natural variation, and within the 
absolute limits occurring naturally. Disturbance ecology applies to billabongs but, not 
surprisingly, other processes are also important. 
7.2 Implications for billabongs 
7.2.1 Limnology 
The potential existence of alternative stable states in the aquatic vegetation of 
billabongs has important ecological consequences, for instance the response to 
abnormal disturbance. Although two stable states for vegetation exist, they do not 
appear to have the same probability of occurrence; in the absence of anthropogenic 
disturbance, macrophyte dominance is favoured. 
The fact that the effects of disturbance in billabongs could last nearly a century after it 
occurred is remarkable given that billabongs are dynamic on short time scales relative 
to some other ecosystems. For instance, the lifespan of macrophytes is on the order of 
years, not hundreds of years as is found in forests. Events occurring at a frequency of 
once a century may therefore be important even in freshwater ecosystems with high 
rates of turnover. 
The widespread historic impacts on billabong are consistent with the conclusion from 
Chapter 3 that the limnology of the regions billabongs is relatively uniform. If one 
billabong is affected by anthropogenic environmental variation, the probability is that 
many will be affected. Alternatively, the disturbing agent may have been profound 
both in magnitude and nature, so becoming the dominant, driving force for the 
ecosystem. 
Australian waters are generally turbid compared to elsewhere in the world (Kirk 1977; 
Fletcher et al. 1985; Crome and Carpenter 1988). The billabongs in this study normally 
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fit this description, but this may not have been the case before European settlement. 
Beds of aquatic macrophytes would have depressed both inorganic and biogenic 
turbidity, and sedimentation rates suggest the supply of fine sediments from floods 
was lower. The possibility that billabongs are naturally a dear-water ecosystem should 
be pursued. 
7.2.2 Future research 
The patterns of physicochemistry and billabong biota are consistent with concepts 
related to disturbance ecology (e.g. White and Pickett 1985), and also with alternative 
stable states in the vegetation (Scheffer et al. 1993). As stressed above, hypotheses based 
on these concepts have not been proven by the work in this study. However, they 
appear to be promising avenues for future research into billabong ecosystem 
functioning, and especially the effects of anthropogenic modification of the ecosystem. 
Analyses of physicochemistry in Chapter 3 suggest that the billabong ecosystem 
consists of a patchwork of essentially similar habitats embedded within the floodplain. 
This hypothesis deserves further investigation. This might be achieved by classifying 
the billabongs according to their similarity in physicochemistry, Cladocera, and diatom 
assemblage data (diatom analyses being performed by Michael Reid, Monash 
University). 
The timing of the first appearance of Pinus pollen in billabong sediments remains 
uncertain. In spite of this, the correlation with the first appearance of Pinus pollen, 
extracted from sediments by sieving (Chapter 5), is quite promising compared to 
radioisotope dating. Lead-210 is compromised by the mixing of sediments sourced 
from both the surface and subsurface of the land. Cesium-137 appears to be mobile in 
the profile, as has been found elsewhere (Chapter 5). Radiocarbon dating of bulk 
sediments yields ages with large errors (Chapter 5), and wood samples may not always 
be available for obtaining more reliable ages. 
Future research should focus on comparing Pinus stratigraphy with radiocarbon ages 
based on AMS dating of leaves, twigs, or other plant fragments that are clearly not 
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refractory. Alternatively, the Pinus grains themselves might be datable by AMS. 
Moreover, sediments from the base of a_ series of farm dams whose age of construction 
is certain could be compared for their Pinus content. A different type of dating method, 
Optically Stimulated Luminescence dating of fine sands (Spooner 1994), is a promising 
alternative, yielding errors of ± decades for sediments that have a high dose rate, such 
as appear to be found in the Murray Valley, and which were deposited in the last 
century (Nigel Spooner pers. comm. 1996). 
The above dating methods provide age estimates that have errors, at best, of + / - 10-20 
years. However, not all of the historical information that can be obtained from 
billabongs is of such poor temporal resolution. The occurrence of laminated core 
sections raises the possibility that long term high resolution ecological records are 
obtainable from billabongs. 
The critical period identified from this work is in the middle to late 1800's, if the 
chronologic interpretation is correct. This is when the decline in macrophytes occurred 
and changes in the composition of cladoceran assemblages began. The forces 
underlying this variation should be apparent from closer examination of the fossil 
stratigraphy. Decreasing phosphorus concentrations in sediments could be caused 
either by redistribution within a lake or lower external loading (Engstrom and Wright 
1984). Comparison of the chemical stratigraphy of sediments from shallow and deep 
sections of billabongs might resolve which of these alternatives explains the decrease in 
sedimentary phosphorus seen in several billabongs with European settlement. 
Moreover, experiments on the decay rate of Cladoceran species whose abundance 
changes with settlement will indicate how much of the patterns observed are a 
taphonomic artefact. 
Impacts of major floods, for instance with a return period of -1000 years, are not 
evident from the data presented in this thesis, especially the stratigraphy of percentage 
chydorids, but few of the data are appropriate for evaluating this question (Chapter 6). 
It is possible that the magnitude of the disturbances examined in detail here (human 
and floods with a return period of 1 to -100 years) are not the ones driving the ecology 
of the system, but that less frequent major floods 'reset' the ecology of the river-
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floodplain system. This possibility could be explored by first identifying the period in 
which one or more of these floods occurred from terrestrial floodplain deposits, and 
then examining the billabong fossil record of cladoceran species and sedimentary 
changes in detail from that period. 
The dramatic differences in sedimentation rates between the pre- and post-settlement 
period found here will affect interpretations of sediment chemistry and fauna (Smol 
1981; Engstrom and Wright 1984; Engstrom et al. 1985). The use of the percentage of 
chydorids as a measure of littoral macrophyte coverage is particularly robust in the face 
of changing sedimentation rates, but a more accurate sediment chronology than was 
achieved here is required to calculate accumulation rates for other parameters. 
7.2.3 Implications for management 
The persistence of impacts of farming and river regulation over decades, and in 
billabongs most remote from current land use activities, demonstrates that variation on 
the timescale of centuries cannot be ignored in studies of anthropogenic impacts to 
billabongs. The impact of farming is not detectable from present day analyses because it 
occurs widely on the floodplain, including in Nonfarm 'control' billabongs. Rapid 
ecological assays (e.g. biodiversity assessments) therefore may fail to detect land use 
impacts, but historical stratigraphic analyses may succeed. Such analyses are not likely 
to be as rapid as assays of present-day biota, but neither do they need to be exhaustive 
and drawn out. For example, to detect the historic decline in the coverage of 
macrophytes in 3 billabongs, weeks rather than months of work are required (1 week 
for core recovery; 0.5 weeks for Pinus assay; 1.5 weeks for cladoceran littoral 
macrophyte zone assay). 
The restoration of beds of aquatic macrophytes in billabongs is desirable (cf. Scheffer et 
al. 1993) and the potential for success is high (Ogden 1996). This would involve 
switching the billabongs from their current phytoplankton dominated state back to 
macrophyte dominance. This is likely to succeed if, as argued above, the intensity of 
farming impacts have declined in some areas of the floodplain, and if alternative stable 
states in the vegetation occur in billabongs. 
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The best initial approach would probably be, in selected billabongs, to reduce water 
levels in the spring growth season, when water levels are currently high (Ogden 1996), 
possibly combined with the addition of seeds and/ or propagules. Common alternative 
approaches to macrophyte restoration in shallow lakes are unfeasible or less likely to 
succeed. Reduction of external nutrient loads (Jeppesen 1990; Moss 1990) is probably 
not necessary since macrophyte-rich and macrophyte-poor billabongs appear to have 
similar mean nutrient levels (table 3.13), and may not be practical in a region of such 
great agricultural importance. Mechanisms related to trophic cascades (Carpenter et al. 
1985; Bronmark and Weisner 1992; Schriver et al. 1995) are neither responsible for the 
switching of macrophytes to algae nor likely to be a solution for restoration. Piscivorous 
fish are never isolated from billabongs for long; if they suffer mass mortality for any 
reason they will get reintroduced during the next flood. If piscivorous fish have not 
restored billabongs naturally they are not likely to do so from human manipulations. 
The creation of shelters for Daphnia (Irvine 1990; Moss 1990; Schriver et al. 1995) is also 
unlikely to work. Daphnia appears to be uncommon in both the littoral macrophyte and 
limnetic zones of billabongs (Chapter 4), although night-sampling is required to 
confirm this. The smaller daphnid Simocephalus is common in the littoral macrophyte 
zone and may help clear the water of algae if refuges are built. 
Once re-established, the macrophyte dominance should be stable, since it appears to be 
favoured naturally, unless a degree of ongoing impacts are still operating that shift the 
equilibrium in favour of phytoplankton. Thus, the water-level manipulations reed not 
be repeated every year. However, the expansion of carp in the region since the 1960's 
may affect the success of restoration efforts. Carp often increase turbidity (Meijer et al. 
1990; but see Fletcher et al. 1985) and may directly damage plants (Fletcher et al. 1985). 
Therefore, in the first instance, carp and noncarp billabong experiments should be 
incorporated into the design of the study. 
Attempts to restore macrophytes in billabongs would provide an opportunity to meld 
management and science into one project. If the restoration effort is properly designed, 
it can be used as an experiment to test the hypothesis that macrophyte/algal switching 
occurs in billabongs. If successful restoration results, the experiments will have positive 
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effects not only on macrophytes but on fish, birds, and other fauna dependent on 
extensive macrophyte beds (e.g. Bellrose et al. 1979; Jeppesen et al. 1991). 
7.3 Conclusions 
With respect to billabongs of the southeast Murray Basin: 
1) A catastrophic decline in the extent of macrophyte cover in large, deep billabongs 
such as cutoff meanders has occurred since European settlement, most likely due to 
farming practices in the late 1800' s. This led to a change in the redox conditions of 
profundal waters, usually resulting in more oxidising conditions. 
2) Depressed macrophyte levels have persisted in large, deep billabongs up until the 
present day, in spite of plausibly decreasing farm impacts. This may be explained by 
the natural stability of the low-macrophyte (or phytoplankton dominated) state. The 
farming impact may have facilitated a switch from naturally stable macrophyte 
dominance to naturally stable phytoplankton dominance. 
3) A Rak or Ephemeroporus cladoceran species that was codominant before settlement 
has since nearly become extinct in the region. This is probably related to the decline in 
macrophytes in deep billabongs, or another event occurring early in settlement, and is 
therefore likely to be an impact of farming. 
4) Two other codominant cladoceran species, and 5 minor species, have declined in 
relative abundance since early settlement, but are not yet extinct in the region. 
Conversely, 8 species have increased in relative abundance since settlement. The agent 
responsible for this variation is unknown but may be discovered by closer examination 
of the post-settlement sedimentary record. 
5) The only impacts attributable to river regulation are to uncommon cladoceran 
species. However, the methods employed and limitations imposed by sediment 
chronology mean that the assessment of the impacts of regulation has been much more 
limited than the assessment of farming impacts. 
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6) The Cladoceran species presently found in billabongs appear to be preadapted to 
anthropogenic environmental variation presently occurring in the region, which mainly 
is similar to natural variation. 
7) Infrequent events, with return times of 100 years, may have important effects on 
billabongs, in spite of high natural rates of turnover that occur in the ecosystem. 
8) Both the concepts of disturbance ecology and macrophyte/ algal alternative stable 
states appear to offer avenues for explaining significant ecological patterns observed in 
billabongs, especially relating to anthropogenic impacts. Further investigation of the 
applicability of these concepts to billabongs is warranted. 
9) The persistence of anthropogenic impacts from before the start of ecological 
monitoring means that assessments of anthropogenic impacts based on the present day 
limnology of billabongs are quite likely to underestimate the full effects of land use. 
This is not a trivial underestimate; one of the major components of the ecosystem 
(macrophytes) has been strongly modified by European land use. Historical studies are 
required to fully assess the impacts of European settlement. 
10) It is quite likely that the decline in macrophytes in large, deep billabongs is 
reversible using simple management techniques. To do so would not only benefit the 
ecosystem but add to the knowledge of how billabongs function. 
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Appendix 1 
Introduction 
The taxonomy of Cladocera based on 
fossil remains 
Cladocera are enclosed in a chemically inert chitinous exoskeleton (Hann 1988) which, 
when shed during moulting or at death, is sometimes preserved in lake sediments. 
Resting eggs, or ephippia, are also commonly preserved. For preservation to occur, 
exoskeletal parts and ephippia must survive digestion by predators, scavengers or 
bacteria, and not be excessively fragmented by currents or sediment compaction. 
Preserved cladoceran remains accumulated in lake sediments can be extracted and 
identified, and the resulting suite of remains is referred to as a cladoceran assemblage. 
An assemblage of cladoceran remains is very different from a sample of Cladocera 
recovered using nets. Cladoceran assemblages accumulate continuously from all 
habitats in a lake, and so are spatially and temporally integrated (Whiteside and 
Swindoll 1988). Assemblages of remains are therefore much less subject to bias 
involving time or site of sampling. Conversely, assemblages contain individuals that 
did not live contemporaneously or in the same habitat. Cladoceran species differ in 
their preservation potential, and individuals moult several times in their life cycle, 
which means that their relative abundance in fossil assemblages cannot be directly 
translated to relative abundance of living species in a lake over a given time period. 
The potential of Cladocera for preservation renders them useful for studies in the 
historical ecology of lakes, but they have yet to be used for that purpose in Australian 
lakes. For Cladocera to be useful in studies of the historical ecology of Australian lakes, 
the taxonomy of remains needs to be known. The purpose of this chapter is to establish 
a reference collection of cladoceran remains. 
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Cladoceran exoskeletons usually disarticulate into components: headshield, carapace 
or carapace halves, postabdomen and postabdominal claw (Frey 1996). Headshields are 
used to identify the cladoceran species present in billabong assemblages. Ephippia, 
postabdomens and postabdominal claws are less abundant in assemblages of 
cladoceran remains in billabongs than headshields and carapaces. Headshields have 
characteristic shapes and pore arrangements (e.g. Hann 1988), which appear to 
preserve better in billabong sediments than some of the carapace detail necessary for 
making identifications to species. Carapaces and ephippia are only identified to family, 
and the taxonomy of postabdomens and postabdominal claws is not studied. 
Methods 
Reference headshields are from 2 sources: dissections of specimens collected from 
billabongs in the study region, or from assemblages of cladoceran remains in billabong 
sediments. 
Sediment sampling 
Sediment samples containing preserved Cladocera are either from sediment cores or 
surface sediment samples. Sediment cores are taken from the deepest point in the 
billabong, and each core is subsampled for 1 cm sediment slices at various depths. 
Surface sediment samples consist of the top centimetre of sediments from the 
profundal zone. Further details of sampling for cladoceran assemblages are found in 
chapters 5 and 8. 
Extraction of fossils 
A 1-2 ml subsample of sediment is dispersed in hot 10% KOH by gentle stirring with a 
magnetic flea. The dispersed sediments are passed through a 400 µm sieve with a 
collecting base. The sieve contents are gently washed with water using a garden 
sprayer. The material retained on the sieve is saved and later examined for ephippia 
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and large carapaces. The contents of the collecting base are passed through a 65 µm 
sieve and material passing through the 65 µm sieve is discarded. The sieve contents are 
then gently washed with water using the garden sprayer and concentrated into a 
corner of the sieve. The silt fraction of the sediment sample, which includes the 
cladoceran remains, is now isolated in the comer of the sieve. 
The cladoceran remains are separated from silt-sized inorganics and coarse-silt organic 
particles by gravity separation. The sieve contents are poured into the top of a 120 cm 
water column 14 mm in diameter. After 4 minutes, much of the inorganic material and 
large organic matter has settled out, and the cladoceran remains and fine organics are 
still in suspension. The settled material is collected and examined for cladoceran 
remains. If remains are present in the settled material, it is re-run down a new water 
column and the collecting time is shortened. The water still in the column is 
concentrated by sieving, washed into a 10 ml centrifuge tube, and lightly centrifuged. 
The pellet at the bottom of the centrifuge tube contains the cladoceran remains, fine 
organic matter and some fine silt-sized inorganics. 
The sample is dewatered using 2 washes of 100% ethanol and then 2 washes of 100% 
tert-butyl alcohol (TBA), the last being in a 4 ml phial. The TBA is poured out of the 
phial following the final centrifuge and silicon oil is added. Several drops of Rose 
Bengale dissolved in TBA are then added and mixed in. The sample is gently heated on 
a hotplate to evaporate the TBA. Slides are then prepared and the fossils are counted at 
lOOx magnification. 
Figures and Taxonomy 
Headshields are drawn using a camera lucida, and in some cases these drawings are 
accompanied by a photograph. Members of the families Bosminidae and 
Macrothricidae are identified to the family level, and of the Chydoridae to the species 
level. Identifications of headshields are made by comparisons with published 
headshield illustrations and, in the case of dissections, with reference to characteristic 
features of other body parts. 
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Results 
Quality of preparations 
The cladoceran remains from well preserved samples are cleared of most adhered 
material and generally retain the detail necessary for identification of remains. This 
comment is least true of carapaces, which often lack sections of the fine setae, total 
counts of which are required for identification. It is difficult to distinguish between 
damage to remains incurred in processing and damage due to taphonomic processes. 
However, the remarkable condition of some remains and whole assemblages suggests 
that the preparation method is not very destructive. 
The method of preparation is best suited to very fine-grained inorganic sediments. 
Sediments with large amounts of either organic matter or silt-sized inorganic material 
retain a fair amount of residual material that interferes with the view of cladoceran 
remains. For these types of sediments, other methods found in Frey (1986) may be 
preferable. 
Species recovered 
Thirty five species of Chydoridae and one species each of Bosminidae and 
Macrothricidae are differentiated on the basis of the morphology of 10,525 whole 
headshields (table 4.1). Except for some examples below, the headshields are illustrated 
in appendix table A4.l, along with notes about distinguishing features and possible 
affinities. The Macrothricidae (figure 4.1) are not differentiated into species because 
their remains are found only in surface sediments and do not persist in fossil 
assemblages of billabongs. 
The Bosminidae remains are mainly 'standard' forms of Bosmina (figures 4.2a, b) which 
are assigned to Bosmina meridionalis, the one species known to occur in Australia. 
However, some Bosmina specimens have very long, thin antennules and mucrones 
(figure 4.2a), and others have quite abbreviated, thick antennules and short, stubby 
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mucrones (figure 4.2b ). These may represent separate species (Russ Shiel, pers. comm. 
1995). Furthermore, a rare bosminid headshield (20 specimens out of 4472) which lacks 
antennules is also found in the assemblages (figure 4.2c), and is either a male Bosmina 
or a species of Bosminopsis. The genus Bosmina is therefore represented by up to 3 
species in the cladoceran assemblages, but only one can be definitely confirmed. 
The 35 species of Chydoridae, belonging to 16 genera, are from 6012 headshields. 
About the first 2000 headshields were only identified to family for counting purposes 
as I familiarised myself with chydorid taxonomy and headshield morphology. 
However, headshields not previously encountered were noted and identified later, so 
that having identified all 2000 headshields to species probably would not have 
increased the total count of species found in the study. 
Within the genera Chydorus, Biapertura, and Alona, some species cannot be 
differentiated from each other on the basis of their headshields. A worse situation 
exists for certain species of Rak , Australochydorus, Ephemeroporus, and Chydorus for 
which differentiation at the genus level is not even possible. In both instances, the 
headshields are assigned to the appropriate 'species complex'. However, even for the 
unique headshields encountered in this study, the possibility that these are species 
complexes rather than species cannot be discounted until variation in the headshield 
morphology of all the chydorid species in the region is known. 
Some species in the general Alona, Biapertura and Chydorus complexes may be 
distinguishable once the amount of variation in headshield morphology of individual 
species is known. Headshields within these complexes represent a spectrum of shapes 
that are broadly similar but the endpoints within the complexes are as different from 
one another as some of the species that are distinguished. It is not possible to know if, 
for instance, 2 species contribute to the spectrum with only minor overlap in shapes of 
early instars. 
Members of the Rak/Ephemeroporus complex have a rounded rostrum. Adult 
Ephemeroporus lack the major headpore of Rak and instar Ephemeroporus. Unfortunately, 
I did not realise this until a number of samples of cladoceran assemblages had been 
counted. To maintain consistency in the remaining samples, the lumping of adult 
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Ephemeroporus with Rak and instar Ephemeroporus was maintained. The Rak headshields 
should in theory be distinguishable from Ephemeroporus, and by species within Rak, on 
the basis of minor headpore arrangements. However, in practice this is not possible for 
many individual headshields due to the minute size of headpores, which are difficult to 
distinguish from specks of material adhered to the headshield, and the faintness of 
lines connecting major and minor headpores. Based on observations of minor pores on 
some Rak-like headshields, it is likely that more than one Rak species occurs in the 
region, which is also the suspicion of other microinvertebrate collectors in the region 
(Russ Shiel and Jackie Dickson pers. comm. 1995). Therefore, the Rak/ Ephemeroporus 
complex definitely consists of 2 species, and possibly more. 
Greater differentiation may be possible in the 
Ephemeroporus I Australochydorus I Chydorus nitudulus complex with further taxonomic 
work. Chydorus nitudulus is not known from Australia, and the headshield for 
Australochydorus is poorly drawn in Smirnov and Timms (1983) and may be more 
unique than is shown. 
Three chydorid species are represented by only one headshield in the cladoceran 
assemblages. One is probably a mutant Biapertura or Alona lacking major headpores. 
The second may also be a mutant lacking major headpores, this time of Rak or 
Chydorus. The third has clear major and minor headpo,res in a unique arrangement, and 
is almost certainly a legitimate but rare species. One species, Saycia cooki, was found in 
dissections of living material but never in the assemblages of headshields recovered 
from sediments. 
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Appendix table Al.1 The abundance of Cladocera identified from fossil or subfossil headshields in 
b·u b d. t z a on~ se zmen s. 
% of chydorid 
species number headshields 
'Alona' (general) 716 17.8 
Alona cf. diaphana 18 0.4 
Alona cf. puchella 6 0.2 
Alona quadransrularis 85 2.12 
Alona sp. 1 8 0.2 
Alona sp. 2 6 0.2 
Alonella excisa 207 5.2 
'Biapertura' (general) 780 19.3 
'Biapertura' sp. 1 65 1.6 
'Biapertura' sp. 2 58 1.5 
'Biapertura' sp. 3 11 0.3 
'Biapertura' sp. 4 1 0.02 
'Biapertura' sp. 5 12 0.3 
'Biapertura' (possibly Alonella) sp. 6 2 0.1 
'Biapertura' sp. 7 26 0.7 
Biapertura affinis 60 1.5 
Biapertura karua 45 1.1 
Biapertura setigera1 36 0.9 
Camptocercus australis 72 1.8 
Chydorus (general) 1084 27.0 
Daydaya macrops 11 0.3 
Dunhevedia crassa 17 0.4 
Rak/Ephemeroporus complex 1 96 2.4 
Ephemeroporus complex 2 336 8.4 
Graptoleberis testudinaria 107 2.7 
Kurzia cf. latissima 8 0.2 
Leydigia acanthocercoides 15 0.4 
Leydigia leydigi 31 0.8 
Monope or Ephemeroporus 13 0.3 
Oxyurella sp. 9 0.2 
Pleuroxis inermis 55 1.4 
Pseudochydorusglobosus 8 0.2 
Rak or Chydorus species 1 0.02 
Saycia cooki cooki2 0 ---
Unknown genus (4p) or mutant Alona 2 0.05 
Unknown genus (Op) 1 0.02 
Bosmina meridionalis 4452 ---
Bosmina male or Bosminopsis 21 0.453 
Macrothricidae 41 --
1Includes 4 three-porate specimens that may be Alona costata 
2Saycia was only identified from dissections of specimens captured live 
3Percent of Bosminidae headshields 
% of all 
headshields 
8.4 
0.2 
0.1 
1.0 
0.1 
0.1 
2.4 
9.1 
0.8 
0.7 
0.1 
0.01 
0.1 
0.02 
0.3 
0.7 
0.5 
0.4 
0.8 
12.7 
0.1 
0.2 
1.1 
3.9 
1.3 
0.1 
0.2 
0.4 
0.2 
0.1 
0.7 
0.1 
0.01 
---
0.02 
0.01 
52.2 
0.2 
0.5 
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Appendix table Al.2 Identity of species codes in appendix table Al.3. 
code 
gl 
g4 
gs 
g6 
g7 
g8 
6 
13 
14 
15 
16 
19 
23 
26 
29 
31 
32c 
33b/c 
35 
36 
42 
46 
47 
52 
53 
54 
55 
60 
61 
63 
64 
65 
68 
70 
71 
74 
78 
79 
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identification 
'Chydorus' ( general) 
'Biapertura' (general) 
Graptoleberis testudinaria 
'Alona' (general) 
Rak/Ephemeroporus complex 1 
Ephemeroporus complex 2 
Pseudochydorus globosus 
Alonella excisa 
Biapertura setigera 
Biapertura affinis 
'Biapertura' sp. 7 
'Biapertura' sp 1 
'Biapertura' sp 3 
'Biapertura' sp 2 
Kurzia cf. latissima 
Alona cf. diaphana 
Alonasp. 2 
Alona cf. puchella 
Camptocercus australis 
Alona quadrangularis 
Monope or Ephemeroporus 
Saycia cooki cooki 
Bosmina male or Bosminopsis 
'Biapertura' sp. 4 
'Biapertura' sp. 5 
Macrothricidae 
Biapertura karua 
Leydigia leydigi 
'Biapertura' (poss. Alonella) sp. 6 
Dunhevedia crassa 
Daydaya macrops 
Leydigia acanthocercoides 
Alona sp. 1 
Unknown genus or mutants of Alona (4-porate) 
Pleuroxis inermis 
Rak or Chydorus sp. 
Oxyurella sp. 
Unknbown (and doubtful) genus (O-porate) 
Appendix table Al.3 The composition of recent and (sub)fossil assemblages of cladoceran remains. 
species code gl g4 g5 g6 g7 g8 6 13 14 15 16 19 23 26 29 31 32c 33bc 35 36 42 52 53 
bllabong era 
1 rec 41 8 3 17 8 4 4 1 3 3 
2 rec 58 2 2 6 2 1 2 
3 rec 16 5 18 1 4 
4 rec 14 2 4 13 20 1 13 4 1 3 
5 rec 29 4 18 2 1 2 1 1 1 
6 rec 19 11 5 17 1 1 5 5 3 1 4 1 
7 rec 38 2 1 7 1 
7a rec 
8 rec 8 10 17 1 6 4 2 1 
9 rec 10 9 1 21 
11 rec 29 23 21 2 1 1 1 1 
12 rec 17 3 1 22 2 5 2 
13 rec 36 2 
14 rec 6 16 1 14 5 3 1 1 1 1 
15 rec 6 1 35 1 
16 rec 4 19 1 6 1 3 1 1 1 1 3 2 
17 rec 29 4 13 1 1 
18 rec 73 9 1 12 2 1 1 1 
19 rec 22 6 9 1 12 2 2 
20 rec 16 15 3 10 1 1 1 
21 rec 11 20 1 6 1 1 1 3 
22 rec 15 13 22 3 2 3 
23 rec 32 14 5 19 1 1 2 3 2 
25 rec 20 10 5 18 1 1 1 1 1 1 
26 rec 17 25 2 9 1 1 
27 rec 20 11 5 12 1 2 3 2 l 1 2 1 
28 rec 4 3 3 8 1 1 2 
29 rec 68 3 5 36 5 1 1 
29a rec 25 9 12 1 1 1 
30 rec 73 7 4 14 1 1 3 1 l 
31 rec 46 17 3 3 1 
32 rec 2 43 8 1 4 
33 rec 6 21 4 8 10 
34 rec 10 34 3 6 1 1 2 1 4 1 
35 rec 6 25 1 8 2 2 4 
36 rec 25 10 3 12 
37 rec 35 4 17 5 1 1 1 
38 rec 6 35 8 2 1 
ryansl rec 39 3 3 22 5 1 7 1 
ryans2 rec 17 5 1 21 8 1 1 
hogans rec 7 18 1 9 5 1 1 4 1 3 
toke rec 5 30 7 1 1 1 1 1 
key to eras: 
rec=recent (1993) 
post=postsettlement (1870-1990) 
pre=presettlement (before 1870) 
plant cover: 
* means no data 
assemblage measures: 
S=richness 
H=Shannon diversity 
J=equitability 
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species code g l g4 g5 g6 g7 g8 6 13 14 15 16 19 23 26 29 31 32c 33bc 35 36 42 52 53 
bllabong era 
9-5cm post 
9-25cm post 
9-45cm post 
9-65cm post 
9-85cm pre 11 8 l l 4 11 6 4 l l 2 l 
9-165 pre 
9-185 pre 
9-205 pre 4 10 l 3 l 22 2 3 l 
hog-5 post 
hog-25 post 
hog-45 post 
hog-65 post 
hog-85 post 
hogl05 pre 
hog-125 pre 5 13 l 6 5 12 4 l 3 4 
hog-145 pre l 7 l l 8 14 9 l l 3 3 l 5 
hog-165 pre 
hog-185 pre 5 5 8 6 l 12 2 3 l 8 
hog-205 pre 
hog-225 pre 
hog-245 pre 8 8 3 2 27 22 11 2 2 3 l l 9 l 
21-25 post 
21-45 pre 4 6 9 6 4 10 3 2 2 2 l 
21-65 pre 
23-5cm post 
23-25 post 9 16 l 6 6 l l 3 l 9 l 
23-35 pre 5 12 9 7 5 l 3 4 2 3 
23-135 pre 5 16 l 6 14 21 3 2 
25-25 post 40 2 l 2 2 l 
25-45 post 10 14 2 3 6 6 l l l l 2 l 
25-65 pre 8 11 4 4 28 5 l 2 l l 
25-85 pre 3 7 l 9 8 10 4 l l l l l l l 2 
32-25 post 11 8 2 15 3 3 4 l l 
32-45 post 13 8 3 3 11 3 4 l l 
32-65 pre 4 10 l 9 9 l 2 5 7 
32-85 pre 6 16 l 14 2 11 4 l l l l 4 3 l 
32-105 pre 2 15 3 l 6 9 6 l l 9 2 4 
32-135 pre 28 l 13 l l l l l l 
32-195 pre 12 3 4 2 12 3 3 13 l 3 7 
38-5 post 
38-25 post 
38-45 post 
38-65 post 
38-85 post 
38-105 post 
38-125 pre 3 14 5 l 18 5 l l l l l 
38-145 pre l 11 l 4 15 6 l 2 4 2 l 2 
38-205 pre l 23 4 10 5 l l l l 
38-265 pre l 10 l 3 4 14 4 l 3 2 2 l 2 
toc-0 post 
toc-5 post 
toc-25 post 
toc-30 post 
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spp. code 55 59 60 61 63 64 65 68 70 71 74 78 79 n s H J 47 54 %chyd. mean plant cover 
(class) (%) 
bllabong 
1 1 2 95 12 1.9 0.7 1 100 4.2 67 
2 l 1 75 9 1 0.4 100 4.3 70 
3 6 50 6 1.5 0.8 1 100 4.5 75.5 
4 75 10 1.9 0.8 93 3.2 42 
5 1 4 1 65 12 1.7 0.7 2 60.2 2.3 23 
6 73 12 2.1 0.8 70.8 2.6 30 
7 1 1 51 7 0.9 0.5 1 88.6 1.9 17 
lo 83.3 2.3 25 
8 1 50 9 1.8 0.8 90.7 3.6 54 
9 l 1 1 5 2 51 9 1.7 0.8 15.6 1.1 4.1 
11 1 1 l 82 11 1.5 0.6 1 95.3 3.3 47 
12 2 54 8 1.6 0.7 36.l 1 2.5 
13 1 1 11 51 5 0.9 0.5 2 1 9.7 1.9 14 
14 1 50 11 1.8 0.7 3 28.4 l 2.5 
15 7 50 5 0.9 0.6 1 1 12.3 1.7 15 
16 2 5 50 14 2.1 0.8 1 49.2 1.2 4.7 
17 2 2 52 7 1.3 0.7 96.3 5 88 
18 1 101 9 1 0.5 1 91.8 2.3 27 
19 l 2 57 9 1.7 0.8 l 84.4 3 41 
20 1 2 50 9 1.6 0.7 50.5 2.3 27 
21 4 l 1 50 11 1.8 0.7 1 59.8 1.8 13 
22 1 59 7 1.5 0.8 l 70.9 4.2 67 
23 l 80 10 1.7 0.7 73.9 3.5 51 
25 1 1 1 62 13 1.8 0.7 1 44.5 1.8 15 
26 1 56 7 1.4 0.7 50 1 2.5 
27 1 l 63 14 2.1 0.8 63.6 1.5 9 
28 3 17 42 9 1.8 0.8 4 5 7.3 1.2 4.7 
29 1 1 121 9 1.2 0.5 93.3 4 66 
290 1 50 7 1.3 0.7 2 24.8 1.3 7 
30 1 1 107 11 1.2 0.5 90.4 4.4 76 
31 1 71 6 1 0.6 84.2 3.9 62 
32 l 59 6 0.9 0.5 1 54.4 1.1 4.1 
33 2 2 53 7 1.7 0.9 2 76.2 1.4 8 
34 l 1 65 12 1:6 0.6 66.8 1.6 12 
35 2 50 8 1.4 0.7 1 2 12.6 1 2.5 
36 1 51 5 1.3 0.8 l 15 1 2.5 
37 1 1 4 70 10 1.5 0.7 98.9 5 88 
38 3 55 6 1.2 0.6 1 1 39 1 2.5 
ryansl 1 82 9 1.5 0.7 1 60.5 . . 
ryans2 3 1 4 62 10 1.8 0.8 7 77.1 . . 
hogans 1 51 11 1.9 0.8 7 25.4 . . 
toke l 2 50 10 1.4 0.6 l 33 . . 
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spp. code 55 59 60 61 63 64 65 68 70 71 74 78 79 n s H J 47 54 %chyd. n plant cover 
(class) (%) 
bllabong 
9-5cm 18 * * 
9-25cm 16 * * 
9-45cm 6 * * 
9-65cm 64 * * 
9-85cm 3 54 13 2.2 0.9 81 * * 
9-165 16 * * 
9-185 34 * * 
9-205 2 l l 51 12 1.9 0.7 46 * * 
hog-5 49 * * 
hog-25 43 * * 
hog-45 54 * * 
hog-65 39 * * 
hog-85 40 * * 
hogl05 97 * * 
hog-125 l 55 11 2.1 0.9 90 * * 
hog-145 4 59 14 2.3 0.9 92 * * 
hog-165 85 . * 
hog-185 l l l 54 13 2.2 0.9 82 . . 
hog-205 80 * * 
hog-225 93 . . 
hog-245 2 102 15 2.3 0.9 95 . * 
21-25 41 . . 
21-45 l 50 12 2.3 0.9 85 * * 
21-65 84 . . 
23-5cm 27 . * 
23-25 54 11 2 0.8 89 * . 
23-35 51 10 2.1 0.9 53 * . 
23-135 2 l 71 10 1.9 0.8 80 . . 
25-25 48 6 0.7 0.4 l l 30 * . 
25-45 l 49 13 2.1 0.8 l 45 . . 
25-65 3 l l 70 13 2 0.8 l 79 * . 
25-85 l 52 16 2.4 0.8 54 * . 
32-25 l l 50 11 2 0.8 17 . . 
32-45 2 l 50 11 2.1 0.9 13 * * 
32-65 2 50 lO 2.1 0.9 95 . * 
32-85 3 69 15 2.2 0.8 72 . . 
32-105 2 l 62 14 2.3 0.9 96 * * 
32-135 2 50 lO 1.4 0.6 79 . * 
32-195 l 2 66 13 2.3 0.9 86 . . 
38-5 8 * * 
38-25 13 * . 
38-45 16 . . 
38-65 17 * * 
38-85 4 * * 
38-105 9 . . 
38-125 l 52 12 1.9 0.8 85 . * 
38-145 50 12 2.1 0.8 77 . . 
38-205 l 48 10 1.6 0.7 2 74 . . 
38-265 3 51 14 2.3 0.9 83 . . 
toc-0 33 . . 
toc-5 25 . . 
toc-25 10 * . 
toc-30 13 . . 
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Appendix figure Al.1. Sketches and plates of cladoceran headshields encountered in billabong 
sediments. Examples of Bosmina and chydorid carapaces are also shown. 
285 
286 
headshields with 
0-1 major pores 
Saycia cooki. Broad, extended V-shaped rostrum; no pores. Living specimens 
only; unknown if this persists as a fossil. 
. \. 
Bosmina male or Bosminopsis. Anterior lateral indentations typical of Bosmina 
(cf. plate 15) but antennules not attached, lending the appearance of a dog's snout. 
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Monope or Ephemeroporus. Long, narrow tip of the rostrum is diagnostic. Also 
see plate 8. 
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Ephemeroporus complex 2. Ovate, 0-1 major pores; tip of rostrum broadly to 
sharply pointed. 
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Ephemeroporus complex 2. Ovate, 0-1 major pores; tip of rostrum broadly to 
sharply pointed. 
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Rak/Ephemeroporus complex 1. Ovate, 0-1 major pores; tip of rostrum broadly 
rounded. Often with two knobs of material attached to the underside of the 
rostrum, probably for the attachment of the mandible. 
291 
f'\o-\ c 
1nduV\-h.__ +16"" 
0 
0 
\ \ 
L 
\ 
0 
Rak/Ephemeroporus complex 1. Ovate, 0-1 major pores; tip of rostrum broadly 
rounded. Often with two knobs of material attached to the underside of the 
rostrum, probably for the attachment of the mandible. 
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Daydaya macrops. The rostrum is hpeavily sclerotinised. 
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headshields with 
2 major pores attached to each other 
& with minor pores lateral to the major pores 
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Biapertura karua. The major pores are slightly recessed and there are very fine 
ridges that form an arc enclosing the pore region. The middle of the posterior 
edge is flattened, and often asymmetrically notched. 
Biapertura or Alonella species. The major pores are Biapertura-like, but the 
minor pores are unique. Sculpturing and shape like Alonella excisa. Also see 
plate 14. 
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Biapertura sp. 4. Elongate; normal Biapertura shape and major pores but small, 
distinct, closely spaced minor pores. 
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Biapertura sp. 5. Very broad. Major pores slot like; minor pores small, distinct, 
closely spaced. 
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Biapertura setigera. Large eye-like minor pores (bigger than major pores) are 
diagnostic (also see plate 13). The top headshield may have 3 major pores and 
hence be Alona costata (also see plate: 1.1 ), but there are intermediate forms 
between the 2 and 3-porate morphs so they are treated as 1 species. 
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Biapertura a/finis. Two major pores, distinct minor pores and V-shaped posterior 
edge are diagnostic. Headshield covered with very fine bifurcating ridges. 
Biapertura species 7. Broad headshield with a very broad V-shaped posterior edge, 
major pores slot like and minor pores distinct but not connected to major pores 
by a line. Sculpture of extremely fine bifurcating ridges, usually only visible on 
the near the posterior tip. Also see plates q + \ o. 
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Left--Biapertura sp. 1. Hexagonal shaped; flattened posterior midline often with 
asymmetric notches; major pores nearly puncture the posterior edge; mior pores 
ey.e or knob like (also plate 16). Right--Biapertura species 3. Like Biapertura 
species 2 (below) but minor pores are two enlarged embayments either side of 
major pores and posterior edge is not scalloped (also see plate 15) . 
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Biapertura species 2. Hourglass shaped headshield; two faint embayments 
anteriolaterally; posterior edge scalloped; major pores close to posterior edge, on a 
small tongue-like projection. Minor pores distinct. 
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Undifferentiated Biapertura . 
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headshields with 
2 major pores which are separate 
& with minor pores on the midline of the 
headshield in between the major pores 
301 
.......__ 
'\ \ 
0 
-..... 
el : 
- k0.\ aF 
lu...+crc;...,I ('°fl'S 
k.t\d /iN'S 
lx:Aw~ef\ 
~o· rre;, 
Alonella excisa . Chydorus-like pores but headshield covered with bifurcating 
ridges. Rostrum often curved inwards, and with a midline cleft. The rn'1ddle 
specimen may be a male or ephippial female. Also see plate 2. 
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Pleuroxis inermis. Top and bottom specimens are endpoints in the morphs 
assigned to this species. Of the 'Chydorus' group, only Pleuroxis and 
Pseudochydoris have such closely placed major pores (relative to the major axis 
of the headshield). Pleuroxis is a lighter headshield than Pseudochydorus, and 
the major pores are usually larger. The rostrum of the top morph is also quite 
different to that found in Pseudochydorus (see Pseudochydorus figure). 
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Pseudochydorus globosus. Major pores close together compared to length of 
headshield. Headshield is solid and a yellow or golden colour. See caption to 
Pleuroxus for more information and plate 1 for detail of rostrum. 
304 
i 
/ 
rJ 
Undifferenha e . t d Chydorus. 
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Undifferentiate d Chydorus. 
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undifferentiated Chydorus · 
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headshields with 
3-4 major pores 
(except on p. 309---Dunhevedia) 
& special cases 
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Kurzia cf latissima. Also see plate 6. 
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Dunhevedia crassa. An Alona-shaped headshield but with Chydorus-like pores. 
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Alona cf. diaphana. Relatively elongate; lines on the anterior half of the 
headshield. 
Alona sp. 2. Like Alona cf. diaphana but more ovate and the middle of the 
posterior edge is flat. 
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Alona cf puchella. Posterior edge heavily scalloped and with notches; lateral 
pores widely spaced and quite distinct. 
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Ledigia leydigi. Headshield broad. Major pores are small relative to the 
headshield, and minor pores closely placed. 
Leydigia acanthocercoides. Headshield broad; major pores very recessed and 
bevelled, with closely placed minor pores inside the bevelling. 
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Macrothricidae. Triangular shaped, with posterior projections. Head pores 
elongate. Often has previous, unmolted headshileds attached. 
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Rak or Chydorus species or mutant. No major pores, two sets of paired minor 
pores. 
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Unknown genus. Four major pores. May be Alona mutant. Oxyurella is also 
found in the sediments, but the major pores are typical of this genus i.e. not 
evenly spaced and sizes are unequal. 
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Alona quadrangularis. V-shaped posterior edge; distinct major and minor pores. 
Alona species 1. Typical Alona pore arrangement but a corrugated headshield. 
Ridges or corrugations bifurcate where headshield expands. Also see plate 7. 
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Camptocercus australis. Unigue diamond shape and midline ridge. Bottom two 
figures (same specimen) may be of a male or an ephippial female, or a mutant. 
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Undifferentiated Alona. 
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Undifferentiated Alona . 317 
Graptoleberis testudinaria. Also see plates 4 and 5. 
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Bosmina carapace (top) and chydorid carapace (bottom). 
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Appendix 2 Catchment geology & billabong locations 
Appendix 2 contains information on the geology of the study region (Appendix 
Table A2.l) and location maps for billabongs (Appendix Figure A2.l). 
Appendix table A2.1 Geology of catchment, from 1:250000 geological maps. 
location 
catchment of Murray above site 1 
hills adjacent to sites 1, 2, 3, 4, 5 
hills adjacent to site 6 
hills adjacent to sites 7, 7a, 8 
hills adjacent to site 9 
hills adjacent to site 10 
catchment and hills* adjacent to site 11 
hills adjacent to site 12, surrounding sites 
12-14, and south of site 15 
closest hills to sites 16-19 
Ovens catchment 
hills set back from sites 25-28, nearer site 
24, just upstream of sites 22, 23 
hills adjacent to sites 20, 21 
hills next to site 29a, more distant from sites 
29, 30-35 
hills about 6 km NW of site 36 
sites 37-41 
geology 
schist predominant metamorphic 
granite, graodiorite, tonalite 
granite, leuco-granite 
granite, graodiorite, tonalite 
(some schist predominant metamorphic near site 1) 
granite 
granite, graodiorite, tonalite 
(some granite, leuco-granite upstream) 
shale, subgreywacke, quartzite, impure sandstone, 
black slate, siltstone (all in a deepwater marginal 
sea); same as "some schist predominant 
metamorphic" Victorian Survey? 
granite, graodiorite, tonalite 
(some schist predominant metamorphic, plus whats 
at site 9, upstream) 
*gneiss, biotite gneiss, gneissic granite 
high grade phyllite, mica schist, metamorphosed 
sediments 
high grade phyllite, mica schist, metamorphosed 
sediments 
gneiss, biotite gneiss, gneissic granite in behind 
shale, subgreywacke, quartzite, impure sandstone, 
black slate, siltstone (all in a deepwater marginal 
sea) 
=high grade phyllite, mica schist, metamorphosed 
sediments Victorian Survey =slates, phyllites, 
sandstones and greywackes in Jerilderie NSW sheet 
mainly greywacke, sandstone, siltstone, shale, 
muds tone 
also high grade phyllite, mica schist, 
metamorphosed sediments; granite, gnessic 
granodiorite 
granite, gnessic granodiorite 
mainly greywacke, sandstone, siltstone, shale, 
muds tone 
metasediments: slates, phyllites, sandstones and 
greywackes 
White often porphoritic biotite granite 
combo of above 
Appendix figure A2.1. Locations of billabongs in the study. Maps drawn by Kieth 
fitchett. The first sheet shows where maps on subsequent pages are located in the study 
region. The location of the gravel p it from which samples were obtained for a 
comparison of OSL and 14C dating methods is in Map E. 
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Appendix3 
Present day physicochemical data 
Appendix 3 contains the physicochemical data collected in the limnological survey 
(Appendix Table A3.l), including summary data for each billabong (Appendix Tables 
A3.2 and A3.3). Where a significant linear relationship was found between a 
physicochemical parameter and billabong depth or maximum billabong area, the slope 
of the relationship is provided in Appendix Table A3.4. 
Key to Appendix Table A3.1: 
parameter 
regulated?, 
near a farm? 
level of regulation 
river 
floodplain vegetative 
cover 
flood category 
area 
plant cover 
DV/MV 
N=no, Y=yes 
NR=Unregulated, P2=Exposed, P3=lsolated 
M=Murray, O=Ovens, K=Kiewa 
visual estimate of amount of tree cover on the 
floodplain; L=cleared, W=partial cover, F=forest 
time since billabong was last flooded; F= <1 month; 
0= 1-3 months, R= >3 months 
is maximum area of billabong following a flood 
visually estimated areal cover of billabong by macro-
phyte beds; 1 = 0-5%, 2 = 5-25%, 3 = 25-50%, 
4 = 50-75%, 5'= 75-100% 
ratio of divalent to monovalent cations (in meq/l) 
349 
Appendix table A3.1. Data collected in the suNey of present day physicochemistry. 
billabong trip# regulated'! level of near Km west Km north river floodplain Km from Km from flood 
regulation a farm'! of bbl of bb2S veg cover bedrock hills category 
1 1 N NR y 0 lS M L 1 1 • 
1 2N NR y 0 lS M L 1 1 • 
l 3N NR y 0 lS M L 1 1 R 
1 4N NR y 0 lS M L 1 l • 
1 SN NR y 0 lS M L 1 l F 
1 6N NR y 0 lS M L l 1 F 
1 7N NR y 0 lS M L 1 l F 
1 SN NR y 0 lS M L l 10 
2 l N NR y 4 30 M w 1 1 • 
2 2N NR y 4 30 M w l l R 
2 3N NR y 4 30 M w 1 l R 
2 4N NR y 4 30 M w 1 1 • 
2 5N NR y 4 30 M w 1 1 F 
2 6N NR y 4 30 M w 1 l F 
2 7 N NR y 4 30 M w 1 1 F 
2 SN NR y 4 30 M w l 10 
3 1 N NR y s 31 M L 2 2. 
3 2N NR y s 31 M L 2 2. 
3 3N NR y s 31 M L 2 2R 
3 4N NR y s 31 M L 2 2 • 
3 5N NR y s 31 M L 2 2 F 
3 6N NR y s 31 M L 2 2 F 
3 7N NR y s 31 M L 2 2 F 
3 SN NR y s 31 M L 2 20 
4 1 N NR y 9 31 M L 1 1 • 
4 2N NR y 9 31 M L l 1 • 
4 3N NR y 9 31 M L l 1 R 
4 4N NR y 9 31 M L l l • 
4 5N NR y 9 31 M L l l F 
4 6N NR y 9 31 M L l 1 F 
4 7N NR y 9 31 M L 1 1 F 
4 SN NR y 9 31 M L l 10 
s 1 N NR y 10 32 M w 1 l • 
s 2N NR y 10 32 M w 1 1 R 
s 3N NR y 10 32 M w 1 1 R 
s 4N NR y 10 32 M w 1 1 R 
s SN NR y 10 32 M w 1 1 F 
s 6N NR y 10 32 M w 1 1 F 
s 7N NR y 10 32 M w 1 10 
s SN NR y 10 32 M w l 10 
6 1 N NR y 14 36 M L 0 OR 
6 2N NR y 14 36 M L 0 OR 
6 3N NR y 14 36 M L 0 OR 
6 4N NR y 14 36 M L 0 OR 
6 5N NR y 14 36 M L 0 OF 
6 6N NR y 14 36 M L 0 0 F 
6 7 N NR y 14 36 M L 0 OF 
6 SN NR y 14 36 M L 0 00 
7 1 N NR N 20 37 M F 0 OR 
7 2N NR N 20 37 M F 0 OR 
7 3N NR N 20 37 M F 0 OR 
7 4N NR N 20 37 M F 0 OR 
7 5N NR N 20 37 M F 0 0 F 
7 6N NR N 20 37 M F 0 OF 
7 7 N NR N 20 37 M F 0 00 
7 SN NR N 20 37 M F 0 00 
I 
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billabong trip# regulated~ level of near Km west Km north river floodplain Km from Km from flood 
regulation a farm? of bbl of bb28 veg cover bedrock hills category 
7a l N NR N 20 37 M w 0 0 . 
7a 2N NR N 20 37 M w 0 0 . 
7a 3N NR N 20 37 M w 0 OR 
7a 4N NR N 20 37 M w 0 OR 
7a SN NR N 20 37 M w 0 OF 
7a 6N NR N 20 37 M w 0 OF 
7a 7N NR N 20 37 M w 0 00 
7a SN NR N 20 37 M w 0 00 
8 l N NR N 20 38 M w l l R 
8 2N NR N 20 38 M w l l R 
8 3N NR N 20 3B M w l l R 
B 4N NR N 20 3B M w l l R 
B SN NR N 20 3B M w l l F 
B 6N NR N 20 3B M w l l F 
B 7 N NR N 20 38 M w l 10 
B BN NR N 20 3B M w l l R 
9 lN NR y 27 41 M L 0 OR 
9 2N NR y 27 41 M L 0 OR 
9 3N NR y 27 41 M L 0 OR 
9 4N NR y 27 41 M L 0 OR 
9 SN NR y 27 41 M L 0 0 F 
9 6N NR y 27 41 M L 0 0 F 
9 7N NR y 27 41 M L 0 0 F 
9 BN NR y 27 41 M L 0 OF 
10 l N NR y 37 3B M L 0 OR 
10 2 N NR y 37 3B M L 0 OR 
10 3 N NR y 37 3B M L 0 OR 
10 4N NR y 37 3B M L 0 OR 
10 SN NR y 37 3B M L 0 0 F 
10 6N NR y 37 3B M L 0 0 F 
10 7 N NR y 37 3B M L 0 0 F 
10 BN NR y 37 3B M L 0 00 
11 lN NR y 94 14 K L 0 0 . 
11 2N NR y 94 14 K L 0 OR 
11 3N NR y 94 14 K L 0 OR 
11 4N NR y 94 14 K L 0 OR 
11 SN NR y 94 14 K L 0 0 F 
11 6N NR y 94 14 K L 0 00 
11 7N NR y 94 14 K L 0 0 • 
11 BN NR y 94 14 K L 0 OR 
12 l y P2 N 106 26 M w l l F 
12 2Y P2 N 106 26 M w l l F 
12 3Y P2 N 106 26 M w l 10 
12 4Y P2 N 106 26 M w l l R 
12 SY P2 N 106 26 M w l l F 
12 6Y P2 N 106 26 M w l l F 
12 7Y P2 N 106 26 M w l l • 
12 BY P2 N 106 26 M w l l • 
13 l y P3 y 114 2B M L 2 2 R 
13 2Y P3 y 114 2B M L 2 2 R 
13 3Y P3 y 114 2B M L 2 2 R 
13 4Y P3 y 114 2B M L 2 2 R 
13 SY P3 y 114 2B M L 2 2 • 
13 6Y P3 y 114 2B M L 2 2 F 
13 7Y P3 y 114 2B M L 2 2 • 
13 BY P3 y 114 2B M L 2 2R 
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billabong trip# regulated'! level of near Km west Km north river floodplain Km from Km from flood 
regulation a farm? of bbl of bb2B veg cover bedrock hills category 
14 1 y P2 N 124 32 M F 4 4 . 
14 2Y P2 N 124 32 M F 4 4 . 
14 3Y P2 N 124 32 M F 4 40 
14 4 Y P2 N 124 32 M F 4 4R 
14 S Y P2 N 124 32 M F 4 4 F 
14 6Y P2 N 124 32 M F 4 4 F 
14 7Y P2 N 124 32 M F 4 4 . 
14 BY P2 N 124 32 M F 4 4R 
lS 1 y P3 y 132 37 M L 2 BR 
lS 2Y P3 y 132 37 M L 2 BR 
lS 3Y P3 y 132 37 M L 2 BR 
lS 4Y P3 y 132 37 M L 2 BR 
lS SY P3 y 132 37 M L 2 B • 
lS 6Y P3 y 132 37 M L 2 BF 
lS 7Y P3 y 132 37 M L 2 B. 
lS BY P3 y 132 37 M L 2 BO 
16 1 y P2 y 140 37 M w 6 16 . 
16 2Y P2 y 140 37 M w 6 16 F 
16 3 Y P2 y 140 37 M w 6 16 0 
16 4Y P2 y 140 37 M w 6 16 R 
16 SY P2 y 140 37 M w 6 16 F 
16 6Y P2 y 140 37 M w 6 16 F 
16 7Y P2 y 140 37 M w 6 16 . 
16 BY P2 y 140 37 M w 6 16 0 
17 1 y P3 y 14S 39 M L 6 21 • 
17 2Y P3 y 14S 39 M L 6 21 • 
17 3Y P3 y 14S 39 M L 6 21 • 
17 4 Y P3 y 14S 39 M L 6 21 • 
17 S Y P3 y 14S 39 M L 6 21 F 
17 6Y P3 y 14S 39 M L 6 21 0 
17 7Y P3 y 14S 39 M L 6 21 0 
17 BY P3 y 14S 39 M L 6 21 • 
lB 1 y P3 y 14S 39 M L 6 21 • 
lB 2Y P3 y 14S 39 M w 6 21 • 
lB 3Y P3 y 14S 39 M w 6 21 • 
lB 4Y P3 y 14S 39 M w 6 21 • 
lB SIY P3 y 14S 39 M w 6 21 F 
lB 6Y P3 y 14S 39 M w 6 21 0 
lB 7Y P3 y 14S 39 M w 6 21 0 
lB BY P3 y 14S 39 M w 6 21 * 
19 l y P2 N 1S7 33 M F 6 33 F 
19 2Y P2 N 1S7 33 M F 6 33 F 
19 3Y P2 N 1S7 33 M F 6 33 0 
19 4 Y P2 N 1S7 33 M F 6 33 R 
19 S Y P2 N 1S7 33 M F 6 33 F 
19 6Y P2 N 1S7 33 M F 6 33 F 
19 7 Y P2 N 1S7 33 M F 6 33 0 
19 BY P2 N 1S7 33 M F 6 33. 
20 1 N NR y 164 20 0 w 2 2 R 
20 2 N NR y 164 20 0 w 2 2 * 
20 3 N NR y 164 20 0 w 2 2 R 
20 4N NR y 164 20 0 w 2 2 * 
20 SN NR y 164 20 0 w 2 2 * 
20 6 N NR y 164 20 0 w 2 2 F 
20 7 N NR y 164 20 0 w 2 20 
20 BN NR y 164 20 0 w 2 2 R 
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billabong trip# regulated! level of near Km west Km north river floodplain Km from Km from flood 
regulation a farm? of bbl of bb28 veg cover bedrock hills category 
21 lN NR N 162 19 0 F 3 3R 
21 2N NR N 162 19 0 F 3 3 * 
21 3N NR N 162 19 0 F 3 3 R 
21 4N NR N 162 19 0 F 3 3 R 
21 5N NR N 162 19 0 F 3 3 * 
21 6N NR N 162 19 0 F 3 3 F 
21 7N NR N 162 19 0 F 3 3 * 
21 8N NR N 162 19 0 F 3 3 R 
22 lN NR N 160 90 w 1 1 R 
22 2N NR N 160 90 w 1 l * 
22 3N NR N 160 90 w 1 l R 
22 4N NR N 160 90 w 1 1 R 
22 5 N NR N 160 90 w 1 1 * 
22 6N NR N 160 90 w 1 1 F 
22 7 N NR N 160 90 w 1 10 
22 SN NR N 160 90 w 1 1 R 
23 lN NR N 159 90 F 2 2 R 
23 2 N NR N 159 90 F 2 2 * 
23 3N NR N 159 90 F 2 2 R 
23 4N NR N 159 90 F 2 2 R 
23 5N NR N 159 90 F 2 2 * 
23 6N NR N 159 90 F 2 2 F 
23 7N NR N 159 90 F 2 20 
23 SN NR N 159 90 F 2 2R 
24 lN NR N 159 50 F 3 3 * 
24 2 N NR N 159 50 F 3 3 * 
24 3 N NR N 159 50 F 3 3 R 
24 4N NR N 159 50 F 3 3 R 
24 5N NR N 159 50 F 3 3 * 
24 6N NR N 159 50 F 3 3 F 
24 7 N NR N 159 50 F 3 3 * 
24 SN NR N 159 50 F 3 3 * 
2S lN NR y 156 30 w s 5R 
2S 2N NR y 156 30 w 5 5 * 
2S 3N NR y 156 30 w 5 5R 
2S 4N NR y 156 30 w s SR 
2S SN NR y 156 30 w s s * 
2S 6N NR y 156 30 w s SF 
2S 7N NR y 156 30 w s so 
2S SN NR y 156 30 w s SR 
26 lN NR y lSS 10 w 6 6R 
26 2 N NR y lSS 10 w 6 6 * 
26 3 N NR y lSS 10 w 6 6R 
26 4N NR y lSS 10 w 6 6R 
26 SN NR y lSS 10 w 6 6 * 
26 6N NR y lSS 10 w 6 6F 
26 7 N NR y lSS 10 w 6 60 
26 8N NR y lSS 10 w 6 6R 
27 lN NR y lSS 10 w 6 6 R 
27 2 N NR y lSS 10 w 6 6 * 
27 3N NR y lSS 10 w 6 6R 
27 4N NR y lSS 10 w 6 6R 
27 SN NR y lSS 10 w 6 6 * 
27 6N NR y lSS 10 w 6 6 F 
27 7 N NR y lSS 10 w 6 60 
27 8 N NR y lSS 10 w 6 6R 
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billabong trip# regulated'; level of near Km west Km north river floodplain Km from Km from flood 
regulation a farm? of bbl of bb2B veg cover bedrock hills category 
2B 1 N NR y 154 00 L B BR 
2B 2N NR y 154 00 L B B • 
2B 3N NR y 154 00 L B BR 
2B 4N NR y 154 00 L B BR 
2B 5N NR y 154 00 L B B. 
2B 6 N NR y 154 00 L B BF 
2B 7N NR y 154 00 L B BO 
2B BN NR y 154 00 L B BR 
29 1 y P3 y lBB 40 M L 4 64. 
29 2Y P3 y lBB 40 M L 4 64. 
29 3Y P3 y lBB 40 M L 4 64 R 
29 4Y P3 y lBB 40 M L 4 64 R 
29 5Y P3 y lBB 40 M L 4 64 F 
29 6Y P3 y lBB 40 M L 4 64 F 
29 7Y P3 y lBB 40 M L 4 64 0 
29 BY . P3 y lBB 40 M L 4 64 R 
29a lY P3 N 1B6 37 M F 0 62. 
29a 2Y P3 N 1B6 37 M F 0 62 R 
29a 3Y P3 N 1B6 37 M F 0 62 R 
29a 4Y P3 N 1B6 37 M F 0 62 R 
29a 5Y P3 N 1B6 37 M F 0 62 F 
29a 6Y P3 N 1B6 37 M F 0 62 F 
29a 7Y P3 N 1B6 37 M F 0 62 0 
29a BY P3 N 1B6 37 M F 0 62. 
30 1 y P3 y 191 37 M L 5 67 R 
30 2Y P3 y 191 37 M L 5 67 R 
30 3Y P3 y 191 37 M L 5 67 R 
30 4Y P3 y 191 37 M L 5 67 R 
30 5Y P3 y 191 37 M L 5 67 F 
30 6Y P3 y 191 37 M L 5 67 F 
30 7Y P3 y 191 37 M L 5 67 R 
30 BY P3 y 191 37 M L 5 67 R 
31 1 y P3 N 190 3B M F 4 66 R 
31 2Y P3 N 190 3B M F 4 66 R 
31 3Y P3 N 190 3B M F 4 66 R 
31 4Y P3 N 190 3B M F 4 66 R 
31 5Y P3 N 190 3B M F 4 66 F 
31 6Y P3 N 190 3B M F 4 66 F 
31 7Y P3 N 190 3B M F 4 66 0 
31 BY P3 N 190 3B M F 4 66 R 
32 1 y P3 N 195 3B M F 5 71 R 
32 2Y P3 N 195 3B M F 5 71 R 
32 3Y P3 N 195 3B M F 5 71 R 
32 4Y P3 N 195 3B M F 5 71 R 
32 5Y P3 N 195 3B M F 5 71 F 
32 6Y P3 N 195 3B M F 5 71 F 
32 7Y P3 N 195 3B M F 5 71 0 
32 BY P3 N 195 3B M F 5 71 R 
33 1 y P2 N 199 35 M F 10 75 . 
33 2Y P2 N 199 35 M F 10 75 R 
33 3Y P2 N 199 35 M F 10 75 R 
33 4Y P2 N 199 35 M F 10 75 R 
33 5Y P2 N 199 35 M F 10 75. 
33 6Y P2 N 199 35 M F 10 75. 
33 7Y P2 N 199 35 M F 10 75 0 
33 BY P2 N 199 35 M F 10 75 R 
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billabong trip# regulated~ level of near Km west Km north river floodplain Km from Km from flood 
regulation a farm? of bbl of bb28 veg cover bedrock hills category 
34 1 y P3 N 210 40 M F 3 86 R 
34 2Y P3 N 210 40 M F 3 .86 R 
34 3Y P3 N 210 40 M F 3 86 R 
34 4Y P3 N 210 40 M F 3 86 R 
34 5Y P3 N 210 40 M F 3 86 F 
34 6Y P3 N 210 40 M F 3 86 F 
34 7 Y P3 N 210 40 M F 3 86 0 
34 8Y P3 N 210 40 M F 3 86 R 
35 1 y P2 N 211 41 M F 4 87 R 
35 2Y P2 N 211 41 M F 4 87 * 
35 3Y P2 N 211 41 M F 4 87 R 
35 4Y P2 N 211 41 M F 4 87 R 
35 5Y P2 N 211 41 M F 4 87 * 
35 6Y P2 N 211 41 M F 4 87 F 
35 7Y P2 N 211 41 M F 4 87 0 
35 8Y P2 N 211 41 M F 4 87 R 
36 1 y P3 y 221 51 M w 5 97 R 
36 2Y P3 y 221 51 M w 5 97 R 
36 3Y P3 y 221 51 M w 5 97 R 
36 4Y P3 y 221 51 M w 5 97 R 
36 5Y P3 y 221 51 M w 5 97 R 
36 6Y P3 y 221 51 M w 5 97 F 
36 7Y P3 y 221 51 M w 5 97 0 
36 8Y P3 y 221 51 M w 5 97 * 
37 1 y P3 y 235 54 M w 18 111 * 
37 2Y P3 y 235 54 M w 18 111 * 
37 3Y P3 y 235 54 M w 18 111 * 
37 4Y P3 y 235 54 M w 18 111 * 
37 5Y P3 y 235 54 M w 18 111 F 
37 6Y P3 y 235 54 M w 18 111 F 
37 7Y P3 y 235 54 M w 18 111 0 
37 8Y P3 y 235 54 M w 18 111 * 
38 1 y P3 N 236 52 M F 20 112 R 
38 2Y P3 N 236 52 M F 20 112 R 
38 3Y P3 N 236 52 M F 20 112 R 
38 4Y P3 N 236 52 M F 20 112 R 
38 5Y P3 N 236 52 M F 20 112 F 
38 6Y P3 N 236 52 M F 20 112 F 
38 7Y P3 N 236 52 M F 20 112 0 
38 8Y P3 N 236 52 M F 20 112 R 
39 1 y P3 N 250 48 M F 33 126 R 
39 2Y P3 N 250 48 M F 33 126 R 
39 3Y P3 N 250 48 M F 33 126 R 
39 4Y P3 N 250 48 M F 33 126 R 
39 5Y P3 N 250 48 M F 33 126 * 
39 6Y P3 N 250 48 M F 33 126 * 
39 7Y P3 N 250 48 M F 33 126 * 
39 8Y P3 N 250 48 M F 33 126 * 
40 1 y P3 N 249 49 M F 33 125 R 
40 2Y P3 N 249 49 M F 33 125 R 
40 3Y P3 N 249 49 M F 33 125 R 
40 4Y P3 N 249 49 M F 33 125 R 
40 5Y P3 N 249 49 M F 33 125 * 
40 6Y P3 N 249 49 M F 33 125 * 
40 7 Y P3 N 249 49 M F 33 125 * 
40 8Y P3 N 249 49 M F 33 125 * 
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billabong trip# regulated? level of near Km west Km north river floodplain Km from Km from flood 
regulation a farm? of bbl of bb28 veg cover bedrock hills category 
41 l y P3 N 254 51 M F 37 130 R 
41 2Y P3 N 254 51 M F 37 130 R 
41 3Y P3 N 254 51 M F 37 130 R 
41 4Y P3 N 254 51 M F 37 130 R 
41 SY P3 N 254 51 M F 37 130 * 
41 6Y P3 N 254 51 M F 37 130 * 
41 7Y P3 N 254 51 M F 37 130 * 
41 8Y P3 N 254 51 M F 37 130 * 
356 
billabong depth area totalN total P turbidity secchi water temp- pH conduct. plant Ca 
(cm) (ha) (mg/I) (mg/I) (NTU) depth (cm erature (C) (uS/cm) cover (meq/I) 
l * 3 * * * * * * * * * 
l * 3 * * * * * * * * * 
l 97 3 l.11 0.02 3.3 . 15.7 6.53 40 4 0.072 
l 127 3 0.23 0.04 2.2. 7.2 6.39. 5 0.062 
l 193 3 0.29 0.02 3 220 10.9 6.51 38 3 0.063 
l 136 3 0.54 0.05 4.7. 17.4 5.38 56 4 0.111 
l 157 3 0.82 0.42 5.6 91 24.9 5.91 47 4 0.099 
l 118 3 0.15 0.13 2.4. 15.8 5.72 47 5 0.103 
2 • 2.9 . . . . . . . * . 
2 45 2.9 1.76 0.2 44 25 16.l 7.03 175 5 0.25 
2 58 2.9 0.82 0.15 16 43 11 6.86 196 5 0.256 
2 86 2.9 0.76 0.18 19 56 6.5 7.15. 5 0.277 
2 127 2.9 0.45 0.04 7 • 8.6 7.08 42 3 0.062 
2 136 2.9 0.84 0.14 4.6 120 15.8 5.74 84 3 0.131 
2 121 2.9 1.1 0.4 7.4 54 20.6 6.38 118 4 0.171 
2 106 2.9 0.87 0.14 6.5 65 16.9 6.67 169 5 0.29 
3 • 1.3 • . . . . . . . . 
3. l.3 • . . . . . . . . 
3 30 1.3 5.97 2.3 66 11 11.5 6.89 347 5 0.356 
3 50 1.3 5.4 0.92 95 11 6.5 6.56. 5 0.25 
3 100 1.3 1.5 0.38 72 17 8.5 6.5 136 4 0.179 
3 100 1.3 1.3 0.61 34 45 15.5 5.78 108 4 0 .1 68 
3 102 1.3 2.1 0.84 97 15 24.2 6.59 186 4 0.219 
3 50 1.3 2.5 0.17 23 27 18 6.8 150 5 0.167 
4 • 7.9 . . . . . . . . . 
4 • 7.9 * . . * . . . . . 
4 51 7.9 3.43 0.48 53 15 13.6 6.7 45 4 0.015 
4 86 7.9 2.2 0.25 27 24 7.1 6.83 * 3 0.021 
4 168 7.9 l 0.13 20 44 10.2 6.57 59 2 0.069 
4 154 7.9 0.76 0.13 16 35 20.8 5.94 57 3 0.081 
4 155 7.9 1.3 0.25 13 44 27.l 5.94 54 4 0.061 
4 126 7.9 1.4 0.12 12 46 20.4 5.96 40 3 0.034 
5 • 5.8. . . . . . * . . 
5 105 5.8 l.02 0.14 6.2. 18.9 6.48 63 3 0.087 
5 100 5.8 l.12 0.08 7.6 82 12.8 6.57 54 3 0.043 
5 129 5.8 1.4 0.1 3.7 120 6.9 7.16 * 2 0.088 
5 272 5.8 1.5 0.18 13 90 9.9 7.18 52 l 0.073 
5 242 5.8 0.69 0.06 4.3 130 21.5 6.75 47 3 O.Q75 
5 192 5.8 1.6 0.25 15 46 25.9 6.21 54 2 0.099 
5 144 5.8 1.6 0 .1 6 16 30 19 5.78 44 2 0.04 
6 436 1.5 l.48 0.08 14.7 63 22.9. 241 3 * 
6 435 1.5 l.41 0.08 21 38 21 .6 6.98 246 2 0.29 
6 414 1.5 l.23 0.06 15 46 14.5 7.63 217 2 0.212 
6 430 1.5 1.2 0.1 19 44 7.9 7.8. 2 0.205 
6 470 1.5 l 0.06 7.5 95 11.2 7.43 187 2 0.191 
6 471 1.5 0.95 0.1 17 37 19.3 5.94 125 3 0.167 
6 470 1.5 1.1 0.42 12 53 27.l 6.99 145 4 0.188 
6 459 1.5 0.99 0.17 7 62 20.8 6.95 150 3 0.236 
7 136 0.01 0.91 0.19 12 88 16.6 6 278 l 0.383 
7 103 0.01 l.35 0.55 20.5 47 16.3 6.85 250 l 0.389 
7 94 0.01 1.36 0.42 16 40 12.5 7.09 208 l 0.303 
7 113 0.01 1.6 0.4 5.3 47 6.9 7.15. l 0.293 
7 235 0.01 0.64 0.16 4.8 95 10 6.15 160 3 0.23 
7 217 0.01 0.55 0.38 20 90 14.9 5.75 265 3 0.373 
7 207 0.01 1.2 l 4.6 35 18.5 6.28 318 3 0.447 
7 146 0.01 l .l 0.48 21 45 16.7 6.65 246 2 0.492 
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7a • 0.44. . . . . . . . . 
7a • 0.44. . . . . . . . . 
7a 193 0.44 1.4 0.05 4.9 120 14 7.19 188 3 0.274 
7a 212 0.44 0.37 0.08 4 175 7.7 7.25. 4 0.306 
7a 325 0.44 0.35 0.05 7.2 122 8.9 6.68 59 1 0.08 
7a 317 0.44 0.38 0.1 4.2 130 18 5.87 198 2 0.268 
7a 291 0.44 0.67 0.62 3.2 75 22.9 6.55 183 2 0.287 
7a 243 0.44 0.51 0.22 3.6 145 18.4 6.76 195 2 0.367 
8 137 O.Ql 1.05 0.1 6.7 121 19. 81 4 0.093 
8 101 O.Ql 0.78 0.13 7.3 60 16.8 6.29 90 3 0.123 
8 115 0.01 0.83 0.17 7.7 75 12.5 6.67 106 3 0.159 
8 145 0.01 0.93 0.23 6.9 80 7.1 6.75 • 4 0.179 
8 300 0.01 0.73 0.08 8.2 88 9.4 6.57 53 3 0.07 
8 266 0.01 0.97 0.18 5.8 130 17.9 5.67 73 4 0.1 27 
8 202 0.01 2 0.38 29 83 19.9 5.95 136 4 0.252 
8 158 0.01 1.1 0.14 19 48 16.6 6.17 112 4 0.246 
9 122 3.6 4.92 0.44 135 13 21.6 • 265 1 0.155 
9 125 3.6 4.03 0.53 107 7 23.3 7.37 278 1 0.27 
9 127 3.6 3.16 0.31 130 6 15 7.29 272 1 0.231 
9 126 3.6 5.4 0.46 120 8 7.9 7.48. 1 0.191 
9 138 3.6 3.8 0.51 96 9 10.8 7.08 146 1 0.131 
9 138 3.6 2.6 0.48 58 15 20.6 6.33 218 2 0.223 
9 145 3.6 3.7 0.71 42 20 26.5 6.86 214 l 0.237 
9 137 3.6 2.5 0.16 32 23 20.4 7.34 257 1 0.298 
10 120 8 l.94 0.16 41 21 20.8. 263 3 0.224 
10 68 8 0.99 0.21 63 19 19.1 7.31 294 3 0.342 
10 68 8 0.42 0.1 2 23 35 14.5 7.31 271 3 0.306 
10 88 8 1.2 0.15 27 27 8.6 7.54. 3 0.329 
10 121 8 2 0.27 37 41 11.3 7.02 185 3 0.225 
10 186 8 l.4 0.14 23 44 19.7 6.04 170 4 0.237 
10 130 8 l.2 0.5 14 52 23.8 6.52 171 5 0.283 
10 112 8 l.2 0.21 26 25 18.2 6.63 188 4 0.282 
11 • 1.6. . . . . . . * * 
11 78 l.6 1.040 0.100 37.0 20 17.6 6.60 480 4 0.177 
11 83 l.6 l.620 0.150 21.0 28 13.1 6.80 395 4 0.126 
ll 90 1.6 1.300 0.180 * 28 7.4 6.82. 3 0.146 
11 139 l.6 1.300 0.130 26.0 23 9.9 6.62 11 2 2 0.098 
11 107 1.6 1.700 0.150 22.0 40 17.2 7.10 272 3 0.148 
11 • 1.6 • . . . . . . * . 
11 89 1.6 l .300 0.310 24.0 31 20.5 6.93 336 4 0.140 
12 187 8 1.05 0.08 10 75 21.4. 66 1 0.084 
12 230 8 0.19 0.031 3.9 88 23.1 6.35 58 1 0.073 
12 70 8 1.12 0.08 26 37 13 6.89 117 1 0.216 
12 50 8 0.92 0.09 22. 7.5 6.96. 1 0.135 
12 336 8 0.54 0.05 14 67 11 .9 7.24 54 l 0.068 
12 247 8 0.84 0.07 20 50 16. l 6.84 57 1 0.076 
12 * 8 • . . * . . . . . 
12 • 8 • . . . . . . . . 
13 128 2.9 3.04 0.34 53 20 21. l 6.92 136 2 0.148 
13 100 2.9 2.506 0.44 45 12 23.7 7.05 135 2 0.156 
13 95 2.9 4.95 0.34 52 14 14.4 7.08 126 1 0.116 
13 94 2.9 5.9 0.47 54 14 6.4 7.04. 2 0.086 
13 125 2.9 3.8 0.44 59 17 15.7 7.18 91 2 0.092 
13 199 2.9 1.1 0.14 6.6 70 20.3 7.6 67 2 0.091 
13 • 2.9. * * . . . * . . 
13 153 2.9 1.9 0.13 17 29 21.4 6.34 70 2 0.086 
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14 * 4.1 * * * * * * * * * 
14 * 4.1 * * * * * * * * . 
14 150 4.1 1.43 0.12 36 24 15.1 7.07 116 l 0.076 
14 121 4. 1 2.4 0.21 28 23 7.5 7.49. 1 0.053 
14 332 4.1 1.9 0.2 60 20 13 7.14 99 1 0.109 
14 300 4.1 l 0.09 8.4 77 18.2 7.25 68 1 0.083 
14 * 4.1 * * * * * * * * * 
14 215 4.1 1.2 0.12 17 35 22 6.23 84 l 0.081 
15 47 1.1 8.56 l * 20 24.8 7.32 485 1 0.425 
15 17 1.1 12.7 3.9 100 5 32.9 8.84 996 l 0.725 
15 16 1. 1 5.5 0.28 9.3 * 18.4 9.19 * 4 0.268 
15 10 1.1 8.8 1.5 63 * 14.8 6.9 * 2 0.317 
15 74 1.1 4.3 0.99 19 35 15.5 6.25 114 * 0.134 
15 187 1.1 2.2 0.52 13 32 20.8 6.01 94 l 0.133 
15 * 1.1 * * * * * . * * * 
15 155 l. l 6.1 0.41 41 19 20.3 6.09 88 1 0.076 
16 * 7.8 * * * * * . * * * 
16 538 7.8 0.08 0.01 4 7.3 97 24 7.09 58 1 0.192 
16 197 7.8 1.05 0.11 20 37 15.l 6.69 72 1 0.092 
16 191 7.8 1.4 0.14 17.5 42 8.2 7.6 * 1 0.1 27 
16 573 7.8 0.67 0.07 63 34 13.5 7.24 62 2 0.077 
16 504 7.8 0.89 0.09 23 48 16.6 7.21 60 l 0.076 
16 * 7.8 * * * * * . * * * 
16 450 7.8 0.47 0.14 9 71 21.1 7.14 52 1 0.078 
17 * 2 • . . . * * * * * 
17 * 2 * * * * * * * * * 
17 * 2 * * * * * * * * * 
17 • 2 * * * * * * * * * 
17 40 2 1.4 0.33 130 45 14.4 6.44 40 5 0.046 
17 26 2 2 0.45 43 * 21.4 * 110 5 0.159 
17 15 2 2.8 0.42 41 * 34 6.6 100 5 0.108 
17 * 2 * * * * * * * * * 
-18 * l.8 * * * * . * * * * 
18 * 1.8 * * * * * * * * * 
18 * 1.8 * * * * * * * . * 
18 * 1.8 * * * * * * * * * 
18 131 1.8 1.3 0.2 17 14 13.4 6.58 56 4 0.024 
18 100 1.8 1.6 0.34 78 19 21.5 * 67 2 0.082 
18 15 1.8 8.4 4.5 260 13 36.9 9.4 132 l 0.18 
18 * 1.8 * * * * * * * * * 
19 230 0.06 1.04 0.22 10.5 50 19.8 6.55 86 4 0.135 
19 211 0.06 0.88 0.16 17 45 19.3 5.92 66 5 0.07 
19 187 0.06 1.26 0.1 8.7 58 13.5 6.64 97 4 0.143 
19 164 0.06 1.7 0.09 6.6 85 6.9 6.64 * 1 0.103 
19 * 0.06 0.78 0.07 31 30 12.9 6.9 65 3 0.076 
19 202 0.06 0.94 0.12 28 28 17.1 7.19 61 2 0.076 
19 204 0.06 1.4 0.32 6.7 65 24.5 6.35 90 2 0.1 35 
19 • 0.06 * . * * * * * . * 
20 95 1.5 1.4 0.16 44 29 19.6 6.94 1054 2 0.384 
20 * 1.5 • * * * * * * * * 
20 50 1.5 2.74 0.1 54 18 13.3 7.5 1690 5 0.556 
20 * 1.5 * * . * * * * . * 
20 * 1.5 * * * * * * * * * 
20 200 1.5 1.4 0.25 81 15 19 5.73 104 . 0.085 
20 198 1.5 5.3 0.97 150 6 22.6 6.18 179 1 0.088 
20 114 1.5 4.5 0.27 152 15 19.9 6.85 340 1 0.244 
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21 116 3.4 0.74 0.07 22 56 22.4 6.04 82 2 0.06 
21 * 3.4 * * * * * * * * * 
21 72 3.4 1.56 0.07 35 17 12.6 6.7 * 2 0.033 
21 73 3.4 4.4 0.19 31 22 7.6 7.07 * l 0.038 
21 * 3.4 * * * * * * * * * 
21 188 3.4 1.1 0.13 16 74 20.l 5.71 70 2 0.073 
21 * 3.4 * * * * * * * * * 
21 153 3.4 0.85 0.1 20 40 21.2 6.24 89 2 0.093 
22 158 0.63 1.04 0.12 12 94 19.3 6.64 102 5 0.104 
22 * 0.63 * * * * * * * * * 
22 123 0.63 1.25 0.1 8 68 12 6.89 * 4 0.094 
22 124 0.63 2.8 0.13 13 63 6.4 6.41 * 3 0.065 
22 * 0.63 * * * * * * * * * 
22 210 0.63 l.2 0.14 5.8 112 18.l 5.51 70 4 0.088 
22 193 0.63 l.2 0.23 8.1 91 23.8 6.06 90 4 0.165 
22 174 0.63 0.94 0.12 5.3 87 19.4 6.12 97 5 0.118 
23 135 1.6 0.82 0.06 11.5 83 19.9 6.67 106 4 0.1 
23 * 1.6 * * * * * * * * * 
23 85 1.6 1.04 0.09 40 18 12.7 6.67 * 4 0.045 
23 101 1.6 0.94 0.09 31 31 7 6.42 * 2 0.04 
23 * 1.6 * * * * * * * * * 
23 203 1.6 1.4 0.13 6.2 75 18.4 5.84 85 4 0.102 
23 195 1.6 0.99 0.32 16.5 80 22.9 6 83 3 0.1 65 
23 165 1.6 0.68 0.08 4.6 97 19.9 6.24 109 4 0.162 
24 * 2.4 * * * * * * * * * 
24 * 2.4 * * * * * * * * * 
24 68 2.4 2.06 0.15 38 18 12.6 6.05 * l 0.019 
24 48 2.4 1.9 0.15 33 25 9.7 6.7 * l 0.03 
24 * 2.4 * * * * * * 54 * * 
24 279 2.4 1.2 0.1 5.3 90 17.8 * * l 0.046 
24 * 2.4 * * * * * * * * * 
24 * 2.4 * * * * * * * * * 
25 95 1.3 2.16 0.28 56 28 20 6.9 103 3 0.061 
25 * 1.3 * * * * * * * * * 
25 69 1.3 4.39 0.39 110 7 11.6 6.57 * l 0.046 
25 72 1.3 4.5 0.31 87 12 8.3 7.08 * 1 0.065 
25 * 1.3 * * * * * * * * * 
25 151 1.3 1.5 0.17 17 40 17.7 * 98 2 0.094 
25 153 1.3 1.4 0.24 13 38 24.4 6.38 109 2 0.101 
25 131 1.3 1.5 0.1 14 35 20.8 6.3 128 2 0.115 
26 127 2.8 0.95 0.11 43 26 21.3 6.53 87 1 0.05 
26 * 2.8 * * * * * * * * * 
26 85 2.8 2.23 0.28 120 7 12.4 6.46 * 1 0.021 
26 84 2.8 3.3 0.3 85 13 8.6 6.51 * l 0.02 
26 * 2.8 * * * * * * * * * 
26 186 2.8 2.1 0.27 21 45 18.3 * 60 l 0.055 
26 162 2.8 1.2 0.42 22 35 24.9 6.11 73 l 0.067 
26 * 2.8 l. l 0.1 3 22 27 21.2 6.11 80 l 0.078 
27 100 3. 1 1.44 0.13 42 23 21.4 6.8 92 l 0.061 
27 * 3.1 * * * * * * * * * 
27 71 3.l 2 0.23 52 15 12.2 7.2 * l 0.037 
27 80 3. 1 3.6 0.23 51 18 9 7.24 * l 0.041 
27 * 3.1 * * * * * * * * * 
27 151 3.1 l .l 0.18 42 30 19.6 * 67 2 0.044 
27 148 3. 1 0.88 0.37 17 41 25.5 5.93 74 2 0.06 
27 129 3.1 0.92 0.13 23 26 21 .4 6.27 82 2 0.07 
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28 36 1.7 7.22 5.2 27 6 27.3 7.9 893 1 0.15 
28 . 1.7 • . . . . . . . . 
28 28 1.7 19.6 0.16 62 17 15.5 6.04. 1 0.174 
28 34 1.7 11.4 0.43 52 16 8.6 6.21 • 1 0.106 
28. 1.7 • . . . . . . . . 
28 162 1.7 2.5 0.41 7.6 65 20.l • 119 2 0.11 
28 167 1.7 2.5 0.48 10 57 25.6 6.43 136 1 0.123 
28 130 1.7 2.9 0.28 14 31 22.3 6.79 161 1 0.123 
29. 14.6. . . . . . . . . 
29. 14.6. . . . . . . . . 
29 11 14.6 4.5 0.17 95 14 13.7 5.86. 1 0.434 
29 10 14.6 4.9 0.29 27. 12.6 8.1 • 4 0.47 
29 105 14.6 1.2 0.1 15 47 11. l 6.55 92. 0.089 
29 101 14.6 2 0.45 15 60 19.2 5.82 244 5 0.211 
29 67 14.6 2 0.15 23 35 24.l 6.66 217 5 0.301 
29 41 14.6 6.6 0.38 33 25 20.9 6.85 366 5 0.429 
29a • 1.8 . . . . . . . . . 
29a 361 1.8 0.42 0.033 16 70 22.5 6.86 180 2 0.125 
29a 342 1.8 0.45 0.04 13 56 13.9 6.82. 2 0.149 
29a 346 1.8 0.72 0.07 7.9 89 8.7 7.22. l 0.165 
29a 440 1.8 0.92 0.07 16 48 11 .1 6.92 99 1 0.074 
29a 447 1.8 1.3 0.15 17 65 18.7 5.86 82 1 0. 111 
29a 373 1.8 0.87 0.42 18 52 24.2 6.86 145 1 0.164 
29a • 1.8 • . . . . . . . . 
30 47 67 l.76 0.09 57 . 21.2 6.5 117 5 0.12 
30 23 67 2.06 0.79 70 20 22 7.51 305 5 0.284 
30 8 67 6.8 0.17 48. 19.5 6.12. 1 0.138 
30 3 67 • . . . . . . . . 
30 106 67 1.1 0.15 35 27 11 .7 6.4 77 5 0.088 
30 lll 67 1.1 0.14 7.5 75 22.7 5.6 66 5 0.079 
30 90 67 1.9 0.39 40 40 24.5 6 63 5 0.08 
30 63 67 1.6 0.1 9.5 . 20.6 6.12 87 5 0.101 
31 58 2.2 1.28 0.12 7.5. 21.5 6.48 134 5 0.145 
31 21 2.2 2.07 0.29 16 . 20.8 6.55 230 5 0.232 
31 16 2.2 1.71 0.22 60. 13.8 6.05. 2 0.055 
31 9 2.2 9.1 3.1 240 3 10.l 6.33. l 0.132 
31 110 2.2 0.76 0.1 18 53 9.6 6.4 62 4 0.06 
31 118 2.2 1.8 0.38 16 55 15.2. 150 4 0.15 
31 100 2.2 1.9 0.34 5.7 43 21.8 5.73 101 5 · 0.147 
31 71 2.2 1.6 0.15 19 45 19.5 6.08 112 5 0.15 
32 249 4.8 0.73 0.06 23 50 21.9 6.76 87 2 0.093 
32 167 4.8 0.84 0.064 21.5 33 25.4 6.74 92 l 0.095 
32 161 4.8 0.67 0.1 34 23 12.9 6.87. l 0.069 
32 178 4.8 4 0.16 28 31 7.6 7.48. l 0.062 
32 350 4.8 0.94 0.12 42 22 13.2 6.84 64 1 0.052 
32 362 4.8 0.99 0.1 18 52 20.3 . 64 l 0.075 
32 316 4.8 0.9 0.18 13 57 26.2 6.29 67 1 O.D? 
32 278 4.8 0.98 0.1 19 35 22.3 6.26 79 l 0. 1 
33. 2.9. . . . . . . . . 
33 233 2.9 0.44 0.044 16.5 37 21.8 6.7 120 2 0.135 
33 168 2.9 1.4 0.05 16 47 13 7.07. 2 0.081 
33 148 2.9 0.36 0.07 23 37 7.5 7.16. 1 0.079 
33. 2.9. . . . . . . . . 
33. 2.9. . . . . . . . . 
33 215 2.9 0.83 0.45 29 25 24.7 6.44 93 1 0. 113 
33 182 2.9 0.77 0.13 34 33 21 .9 6.4 95 1 0.129 
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34 150 2.2 0.79 0.07 21.5 36 21.6 6.88 105 3 0.141 
34 123 2.2 0.97 0.072 18.5 29 24.2 7.37 130 1 0.16 
34 105 2.2 1.62 0.12 21 26 11.1 7.14 * 1 0.092 
34 99 2.2 1.6 0.13 23 37 7.9 7.7 * 1 0.1 
34 243 2.2 0.92 0.12 34 30 11.2 7.15 60 1 0.055 
34 252 2.2 0.8 0.1 20 45 20.2 * 67 2 0.071 
34 157 2.2 1 0.29 30 33 25 6.28 76 2 0.098 
34 124 2.2 1.3 0.11 26 26 21.7 6.11 72 2 0.085 
35 409 5.8 0.58 0.07 19 48 24.5 7.61 79 1 0.073 
35 * 5.8 * * * * * * * * * 
35 348 5.8 3.03 0.12 42 20 12.9 6.75 * 1 0.043 
35 323 5.8 3.3 0.2 79 14 8.5 6.53 * 1 0.043 
35 * 5.8 * * * * * * * * * 
35 * 5.8 0.83 0.1 6.6 65 * * * 1 0.068 
35 487 5.8 1.2 0.18 14.5 45 25 6.42 63 1 0.071 
35 441 5.8 0.91 0.1 14 45 22 6.7 70 1 0.085 
36 146 0.6 2.13 0.21 45 16 19.6 7.09 146 1 0.142 
36 108 0.6 1.76 0.28 43 19 23 6.7 174 1 0.16 
36 101 0.6 3.44 0.26 71 12 12.5 7.05 * 1 0.106 
36 96 0.6 4.6 0.42 120 7 7.3 7.2 * 1 0.112 
36 104 0.6 6.9 0.68 210 6 12.2 7.02 106 1 0.063 
36 208 0.6 1.5 0.26 5.7 88 20.7 * 86 1 0.109 
36 186 0.6 1.6 0.26 17 35 25 6.75 93 1 0.123 
36 * 0.6 * * * * * * * * * 
37 * 1.5 * * * * * * * * * 
37 * 1.5 * * * * * * * * * 
37 * 1.5 * * * * * * * * * 
37 * 1.5 * * * * * * * * * 
37 40 1.5 1.2 0.13 20 45 13.2 6.65 77 5 0.063 
37 50 1.5 2.7 0.53 27 * 19.3 * 175 5 0.112 
37 37 1.5 3.7 0.48 27 20 24.4 6 127 5 0.095 
37 * 1.5 * * * * * * * * * 
38 194 5.4 1.53 0.17 36 25 20.6 6.74 87 1 0.095 
38 155 5.4 1.46 0.13 32 25 23.3 6.57 98 1 0.088 
38 135 5.4 2.31 0.18 48 15 12.3 6.75 * 1 0.059 
38 122 5.4 3.8 0.26 57 15 8 7.11 * 1 0.06 
38 294 5.4 1.1 0.14 38 28 11.4 6.67 65 1 0.052 
38 314 5.4 1.1 0.14 22 38 21.7 * 68 1 0.076 
38 257 5.4 0.79 0.2 23 38 25 6.32 75 1 0.093 
38 220 5.4 1.1 0.12 27 25 20.8 6.18 73 1 0.084 
39 111 0.27 2.36 0.26 80 14 19.3 6.7 260 1 0.232 
39 70 0.27 2.08 0.24 125 10 22 6.7 271 1 0.17 
39 55 0.27 2.83 0.24 103 8 10.3 6.71 * 1 O.D78 
39 48 0.27 4.9 0.4 99 11 6.4 6.6 * 1 0 .1 
39 * 0.27 * * * * * * * * * 
39 * 0.27 * * * * * * * * * 
39 * 0.27 * * * * * * * * * 
39 * 0.27 * * * * * * * * * 
40 161 4.5 1.45 0.08 27.5 43 21.3 6.88 90 1 0.089 
40 131 4.5 0.165 0.093 20 30 23.6 7.01 99 1 0.091 
40 126 4.5 1.25 0.1 22 28 12.3 6.95 * 1 0.076 
40 113 4.5 1.9 0.14 29 29 8.5 7.78 * 1 0.087 
40 * 4.5 * * * * * * * * * 
40 * 4.5. . . * . . * * * 
40 * 4.5. . * . * . * * * 
40. 4.5. . . . . . * . . 
I I 
362 
billabong depth area total N total P turbidity secchi water temp- pH conduct. plant Ca 
(cm) (ha) (mg/I) (mg/I) (NTU) depth (cm erature (C) (uS/cm) cover (meq/I) 
41 211 1.5 1.54 0.17 30 34 21.9 6.75 97 3 0.105 
41 180 1.5 1.56 0.15 20 34 23.9 6.98 98 2 0.092 
41 168 1.5 1.72 0.19 28 18 12.l 6.93 . l 0.066 
41 165 1.5 3.8 0.22 27.5 23 7.8 7.21 • 2 0.073 
41 • 1.5 • . . . . . . . . 
41 • 1.5 • . . . . . . . . 
41 • 1.5 • . . . . . . . . 
41 • 1.5 • . . . . . . . . 
363 
billabong Mg K Na HC03 S04 Cl cations anions TDS DV/MV 
(meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (mg/I) 
l • . . . . . . . . . 
l • . . . . . . . . . 
l 0.082 0.019 0.13 0.246 0.005 0.071 0.376 0.327 26.6 l.03 
l 0.086 0.013 0.109 0.246 0.005 0.085 0.331 0.341 26.l l.21 
1 0.093 0.019 0.11 0.246 0.005 0.099 0.347 0.355 27 l.21 
1 0.148 0.02 0.133 0.708 0 0.051 0.522 0.759 56.9 l.69 
1 0.13 0.017 0.12 0.493 0 0.028 0.465 0.522 41.6 l.67 
1 0.142 0.019 0.135 0.48 0 0.028 0.502 0.508 41.7 l.59 
2 • . . . . . . . . . 
2 0.639 O.Q7 0.592 1.327 0.011 0.733 l.8 2.082 149.8 l.34 
2 0.595 0.077 0.7 1.147 0.005 0.395 1.883 1.553 128.3 l. l 
2 0.782 0.049 0.853 1.229 0.016 0.338 2.238 1.599 140.l 1.17 
2 0.118 0.019 0.135 0.246 0 0.116 0.395 0.361 28.3 l.17 
2 0.263 0.028 0.18 0.944 0.005 0.051 0.733 1.005 76.7 l.89 
2 0.313 0.037 0.29 0.987 0 0.071 0.981 1.057 85.3 1.48 
2 0.662 0.079 0.639 l.799 0.005 0.071 l.959 1.88 158.2 l.33 
3 • . . . . . . . . . 
3 • . . . . . . . . . 
3 0.708 0.162 l.109 1.393 0.011 0.818 2.691 2.232 178.3 0.84 
3 0.576 0.09 0.826 0.819 0.084 0.508 1.991 1.494 122.5 0.9 
3 0.406 0.112 0.474 0.656 0.042 0.437 l.35 l.176 91.8 1 
3 0.36 0.066 0.29 1.259 0.011 0.102 1.052 l.381 106.1 l.48 
3 0.523 0.107 0.674 l.467 0.005 0.113 1.741 l.59 135.1 0.95 
3 0.42 0.107 0.744 1.306 0.005 0.042 1.605 1.359 119.8 0.69 
4 • . . . . . . . . . 
4 . . . . . . . . . . 
4 0.018 0.054 0.315 0. 164 0.031 0.212 0.416 0.438 30.9 0.09 
4 0.035 0.036 0.304 0.164 0.021 0.169 0.416 0.375 28.1 0.16 
4 0.151 0.046 0.205 0.328 0.01 1 0.107 0.539 0.456 37.8 0.88 
4 0.171 0.037 0.175 0.708 0 0.071 0.545 0.779 58.6 l. 19 
4 0.146 0.042 0.205 0.469 0 0.028 0.514 0.497 41.9 0.84 
4 0.081 0.053 0.23 0.395 0 0.028 0.431 0.423 35.8 0.41 
5 • . . . . . . . . . 
5 0.15 0.057 0.145 0.787 0.005 0.197 0.526 0.995 68.2 l.17 
5 0.06 0.056 0.28 0.246 0.011 0.183 0.481 0.45 34.3 0.31 
5 0.152 0.069 0.239 0.328 0 0.113 0.636 0.441 39.4 0.78 
5 0.136 0.045 0.16 0.246 0.011 0.102 0.486 0.368 31.3 l.02 
5 0.152 0.031 0.135 0.551 0.005 0.056 0.468 0.617 47.1 l.37 
5 0.152 O.Q75 0.145 0.518 0 0.028 0.569 0.546 46.5 l. 14 
5 0.064 0.117 0. 175 0.37 0 0.056 0.435 0.427 36.3 0.36 
6. . . . . . . . . . 
6 0.821 0.086 0.731 1.622 0.011 0.903 2.21 7 2.546 183.7 l.36 
6 0.621 0.083 0.961 1.147 0.005 0.451 2.089 1.609 135.4 0.8 
6 0.724 0.107 0.935 l. 147 0.016 0.395 2.176 1.573 136.9 0.89 
6 0.584 0.061 0.726 0.983 0.021 0.183 l .753 1.208 109.4 0.98 
6 0.457 0.052 0.36 1.495 O.Ql 1 0.085 1.203 l.6 123.3 1.51 
6 0.555 0.043 0.492 1.38 0.011 0.085 1.465 1.485 122.2 l.39 
6 0.638 0.049 0.539 l.601 0.016 0.099 l .698 l.731 141 .9 l.49 
7 0.594 0.062 0.539 l.754 0.016 0.677 l.961 2.462 177.l l.63 
7 0.77 1 0.123 0.7 1.688 0.016 0.959 2.372 2.678 193.7 1.41 
7 0.61 1 0.094 0.766 l.147 0.005 0.423 2.077 l.581 133.7 1.06 
7 0.691 0.069 0.739 1.147 0.011 0.268 2.084 1.436 128.7 l.22 
7 0.165 0.029 0.6 0.901 0.021 0.169 1.254 l.112 91. l 0.63 
7 0.739 0.03 0.77 2.989 0.016 0.138 2.284 3. 159 240.5 1.39 
7 0.798 0.07 0.77 2.367 0.016 0.11 3 2.53 1 2.511 207.6 1.48 
7 0.86 0.102 0.805 2.465 0.011 0.1 27 2.751 2.61 3 219 l.49 
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billabong Mg K Na HC03 S04 Cl cations anions TDS DV/MV 
(meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (mg/I) 
7a * * * * * * * * * . 
7a * * * . * * * * * * 
7a 0.551 0.021 0.7 1.147 0 0.423 1.821 l.57 126.2 l.14 
7a 0.732 0.033 0.735 1.229 0.016 0.254 2.111 1.514 133.7 l.35 
7a 0.484 0.021 0.22 0.328 0.016 0.082 0.885 0.441 45.2 2.34 
7a 0.595 0.027 0.618 2.203 0.005 0.107 l.775 2.32 179.l l.34 
7a 0.592 0.038 0.544 1.652 0.005 0.085 l.748 l.747 144.l l.51 
7a 0.731 0.053 0.631 1.849 0.005 0.113 2.148 l.972 166.3 l.61 
8 0.276 0.021 0.18 0.574 0.011 0.231 0.662 0.826 59.6 l.84 
8 0.298 0.072 0.175 0.901 0.011 0.282 0.791 1.204 85 l.7 
8 0.265 0.096 0.3 0.574 0.005 0.24 0.979 0.824 67.5 l.07 
8 0.337 0.084 0.291 0.574 0.011 0.127 l.07 0.721 65.9 l.38 
8 0.144 0.042 0.155 0.328 0.005 0.096 0.481 0.434 35.4 l.09 
8 0.237 0.04 0.16 0.865 0 0.048 0.691 0.913 70.6 l.82 
8 0.336 0.079 0.19 1.293 0.005 0.028 l.109 1.332 106.l 2.19 
8 0.383 0.104 0.215 l.17 0 0.028 1.194 1.198 100 0.46 
9 0.754 0.235 0.761 1.426 0.089 l.109 2.059 2.711 186 0.91 
9 1.023 0.279 0.796 1.573 0.016 1.241 2.637 2.846 206.3 l.2 
9 0.833 0.263 0.957 1.147 0.089 0.903 2.515 2.227 172.3 0.87 
9 0.831 0.225 0.835 0.901 0.156 0.536 2.273 l.75 144.8 0.96 
9 0.465 0.174 0.405 0.656 0.011 0.274 1.306 0.95 83.4 l.03 
9 0.829 0.173 0.631 2.281 0.016 0.113 2.078 2.425 195 l.31 
9 0.782 0.194 0.679 l.775 0.021 0.099 2.129 l.915 165.5 l.17 
9 l.105 0.241 0.866 2.181 0.016 0.127 2.807 2.34 207.l l.27 
10 0.416 0.091 0.84 * 0.026 l.021 l.795 • . 0.69 
10 0.704 0.113 1.005 1.819 0.068 1.297 2.506 3.252 221.7 0.94 
10 0.609 0.106 1.109 l.147 0.011 0.874 2.436 2.042 158.6 0.75 
10 0.839 0.097 1.009 1.229 0.016 0.621 2.602 1.881 159 l.06 
10 0.518 0.074 0.626 0.819 0.037 0.324 1.668 l.217 103.8 l.06 
10 0.562 0.06 0.5 1.888 0.005 0.107 1.595 2.006 156.4 1.43 
10 0.555 0.088 0.478 l.491 0.016 0.085 1.686 1.607 134.7 l.48 
10 0.613 0.106 0.696 l .688 0.021 0.113 1.979 1.843 155.3 l.12 
11 • . * * . * * * * * 
11 0.810 0.070 2.375 0.459 0.031 3.639 3.609 4.160 244.l 0.4 
11 0.603 0.076 2.179 0.410 0.011 2.595 3.110 3.026 190.8 0.32 
11 0.411 0.054 1.979 0.574 0.016 2.454 2.736 3.059 186.9 0.27 
11 0.272 0.058 0.505 0.410 0.021 0.141 1.030 0.592 56.4 0.66 
11 0.642 0.049 1.292 1.337 0.011 1.439 2.278 2.797 186.7 0.59 
11 * . * * * * * . . . 
11 0.699 0.051 l.905 0.936 0.021 1.873 2.935 2.850 193.9 0.43 
12 0.171 0.034 0.181 0.492 0.005 0.245 0.553 0.747 52.2 1.19 
12 0.151 0.03 0.125 0.442 0.005 0.175 0.452 0.628 44.3 1.45 
12 0.211 0.041 0.26 0.656 0.005 0.183 0.945 0.849 68.3 l.42 
12 0.181 0.038 0.231 0.41 0.011 0.085 0.719 0.515 45.6 l.17 
12 0.146 0.028 0.21 0.328 0 0.113 0.52 0.441 36.2 0.9 
12 0.171 0.03 0.205 0.629 0 0.082 0.558 0.711 54.4 l.05 
12 * * * * * * . . * * 
12 • . . . * * * . * * 
13 0.376 0.1 17 0.335 0.016 0.016 0.511 l.123 * * l.16 
13 0.407 0.151 0.42 0.737 0.016 0.649 1.29 1.417 101.l 0.99 
13 0.276 0.108 0.522 0.574 0.026 0.423 l.137 1.049 80.l 0.62 
13 0.222 0.082 0.474 0.328 0.042 0.282 0.95 0.693 56.9 0.55 
13 0.243 0.066 0.37 0.328 0.011 0.183 0.862 0.532 48.2 0.77 
13 0.21 4 0.039 0.23 0.708 0 0.104 0.665 0.812 62.5 l.13 
13. * * * * . . * * * 
13 0.296 0.058 0.305 0.641 0 0.051 0.831 0.692 60.8 l.05 
365 
billabong Mg K Na HC03 S04 Cl cations anions TDS DV/MV 
(meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (mg/I) 
14 * * * * * * * * * * 
14 * * * * * * * * * * 
14 0.187 0.065 0.635 0.41 0.031 0.367 1.039 0.839 65.7 0.38 
14 0.115 0.049 0.505 0.246 0.026 0.212 0.775 0.509 43.5 0.3 
14 0.247 0.094 0.444 0.41 0.026 0.212 1.003 0.673 59.3 0.66 
14 0.202 0.037 0.245 0.708 0 0.102 0.65 0.81 62.1 1.01 
14 * * * * * * * * * * 
14 0.229 0.058 0.435 0.678 0.005 0.056 0.884 0.745 64.9 0.63 
15 0.991 0.739 1.588 1.639 0.031 2.564 4.168 4.265 300.3 0.61 
15 3.493 1.501 4.302 2.54 0.125 6.346 10.021 9.137 663.4 0.73 
15 0.498 0.591 1.97 0.656 0.016 0.31 3.594 0.997 143.7 0.3 
15 0.732 0.601 l.936 0.901 0.042 2.792 3.902 3.777 256.4 0.41 
15 0.299 0.181 0.32 0.574 0.01 l 0.09 1.068 0.685 66.3 0.86 
15 0.27 0.086 0.29 1.023 0 0.127 0.911 1.15 88.8 1.07 
15 * * * * * * * * * * 
15 0.206 0.149 0.42 0.542 0.005 0.085 0.927 0.638 60.l 0.5 
16 * * * * * * * * * * 
16 0.458 0.037 0.14 0.246 0.005 0.206 l.019 0.462 46.3 3.67 
16 0.173 0.031 0.25 0.41 0.005 0.183 0.639 0.603 46.8 0.94 
16 0.272 0.036 0.274 0.41 0.005 0.1 13 0.835 0.533 48.9 1.29 
16 0.171 0.048 0.25 0.328 0.016 0.234 0.622 0.593 44.7 0.83 
16 0.173 0.03 0.215 0.629 0.005 0.116 0.57 0.755 56.3 1.02 
16 * * * * * * * * * * 
16 0.179 0.03 0.195 0.42 0 0.042 0.559 0.462 40.2 1.14 
17 * * * * * * * * * * 
17 * * * * * * * * * * 
17 * * * * * * * * * * 
17 * * * * * * * * * * 
17 0.126 0.045 0.255 0.246 O.Dl 1 0.24 0.518 0.506 37 0.57 
17 0.374 0.056 0.295 1.259 0.005 0.141 l.042 1.41 106.7 l.52 
17 0.263 0.059 0.42 0.837 O.Dl l 0.056 0.958 0.915 76.7 0.77 
17 * . * * . . * * * * 
18 * . * * * * * * * * 
18 * . * * * * * * * * 
18 * . * * * * * * * * 
18 * . . * * * * * * * 
18 0.064 0.027 0.22 0.164 0.005 0.127 0.359 0.301 23.6 0.36 
18 0. 193 0.032 0.223 0.708 0 0.113 0.611 0.821 61 .5 1.08 
18 0.41 1 0.066 0.415 0.987 O.Dl l 0.042 l .251 1.05 92 l.23 
18 * . * * * * * * * . 
19 0.246 0.05 0.2 0.656 0.011 0.288 0.766 0.964 69.2 1.52 
19 0.157 0.06 0.155 0.557 0.005 0.237 0.512 0.805 55.4 1.06 
19 0.223 O.Q74 0.275 0.492 0.005 0.254 0.857 0.756 59.9 1.05 
19 0.173 0.061 0.261 0.41 0.005 0.113 0.7 0.533 46.2 0.86 
19 0.175 0.047 0.253 0.328 0.016 0.169 0.626 0.528 42.4 0.84 
19 0.179 0.032 0.222 0.629 0 0.09 0.584 0.72 55.3 l 
19 0.237 0.044 0.235 0.813 0 0.028 0.786 0.841 68.9 1.33 
19 * . * * * * * * * . 
20 1.575 0.209 4.202 1.803 0.146 4.851 6.754 6.946 454.3 0.44 
20 * . * * * * * * * * 
20 2.781 0.271 3.497 2. 131 0.021 7.898 7.662 10.07 592.8 0.89 
20 * * * * * * * * * * 
20 * * . * * * * * * * 
20 0.333 0.039 0.779 0.865 0.016 0.79 1.32 1.686 113.2 0.51 
20 0.292 0.286 0.792 0.616 0.031 0.598 l .546 l .277 101.8 0.35 
20 0.171 0.139 1.662 1.454 0.011 1.185 2.46 2.659 189.3 0.23 
-
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billabong Mg K Na HC03 S04 Cl cations anions TDS DV/MV 
(meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (mg/I) 
21 0.216 0.032 0.26 0.492 0.005 0.324 0.627 0.826 56.9 0.95 
21 * * * * * * * * * * 
21 0.077 0.044 0.492 0.246 0.011 0.367 0.678 0.633 45.2 0.21 
21 0.082 0.036 0.344 0.246 0.005 0.141 0.537 0.397 33.3 0.32 
21 * * * * * * * * * * 
21 0.249 0.027 0.26 0.787 0.005 0.085 0.682 0.882 67.5 1.12 
21 * * * * * * * * * * 
21 0.79 0.062 0.34 0.715 0.005 0.042 1.377 0.767 78.8 2.2 
22 0.302 0.074 0.24 0.656 0.005 0.358 0.824 1.024 73.l l.29 
22 * * * * * * * * * * 
22 0.245 0.139 0.457 0.574 0.011 0.338 1.028 0.933 73.7 0.57 
22 0.156 0.095 0.37 0.328 0.005 0.183 0.75 0.522 45.6 0.48 
22 * * * * * * * * * * 
22 0.27 0.042 0.216 0.787 0.005 0.071 0.703 0.868 67.7 l.39 
22 0.333 0.058 0.255 0.924 0.005 0.056 0.976 0.991 81.7 l.59 
22 0.385 0.092 0.33 0.936 0 0.056 1.043 0.992 84.3 1.19 
23 0.329 0.042 0.24 0.574 0.011 0.307 0.81 0.902 66.l l.52 
23 * * * * * * * * * * 
23 0.113 0.056 0.395 0.246 0.005 0.254 0.654 0.51 40.3 0.35 
23 O.Q78 0.043 0.339 0.164 0.011 0.155 0.539 0.34 29.5 0.31 
23 * * * * * * * * * * 
23 0.34 0.032 0.24 0.944 0 0.087 0.815 l.031 79.8 1.63 
23 0.3 0.044 0.275 0.788 0 0.042 0.949 0.831 71.5 l.46 
23 0.426 0.066 0.325 0.987 0 0.051 l.14 l.037 88.9 1.5 
24 * * * * * * * * * * 
24 * * * * * * * * * * 
24 0.033 0.056 0.235 0.164 0.005 0.183 0.362 0.358 26.l 0.18 
24 0.044 0.046 0.178 0.082 0.005 0.085 0.328 0.177 16.7 0.33 
24 * * * * * * * * * * 
24 0.179 0.041 0.21 0.551 0.005 0.076 0.522 0.637 49.4 0.9 
24 * * * * * * * * * * 
24 * * * * * * * * * * 
25 0.223 0.083 0.37 0.492 0.016 0.508 0.798 1.031 69.l 0.63 
25 * * * * * * * * * * 
25 0.132 0.105 0.631 0.246 0.042 0.508 0.959 0.837 60.7 0.24 
25 0.165 0.09 0.51 3 0.246 0.021 0.31 0.898 0.598 49.9 0.38 
25 * * * * * * * * * * 
25 0.348 0.045 0.345 0.944 0.011 0.144 0.925 1.109 85.6 1.13 
25 0.317 0.079 0.4 0.752 0.01 1 0.085 0.997 0.858 73.9 0.87 
25 0.406 0.107 0.539 0.826 0.011 0.085 1.281 0.931 85.5 0.81 
26 0.172 0.058 0.265 0.492 0.011 0.355 0.595 0.868 58.l 0.69 
26 * * * * * * * * * * 
26 0.04 0.059 0.385 0.164 0.047 0.338 0.525 0.596 39.5 0.14 
26 0.048 0.049 0.331 0.082 0.063 0.212 0.468 0.418 30 0.18 
26 * * * * * * * * * * 
26 0.197 0.035 0.265 0.629 0.005 0.099 0.607 0.738 56.8 0.84 
26 0.212 0.045 0.295 0.554 0 0.042 0.686 0.596 51.7 0.82 
26 0.262 0.067 0.335 0.616 0 0.056 0.819 0.673 59.4 0.85 
27 0.227 0.052 0.31 0.492 0.011 0.409 0.711 0.921 62.6 0.8 
27 * * * * * * * * * * 
27 0.099 0.053 0.457 0.246 0.01 6 0.338 0.683 0.616 44.9 0.27 
27 0.107 0.043 0.4 0.246 0.011 0.268 0.631 0.535 40.6 0.33 
27 * * * * * * * * * * 
27 0.175 0.031 0.32 0.629 0 0.116 0.614 0.745 57.l 0.62 
27 0.208 0.037 0.325 0.592 0.016 0.071 0.69 0.693 56.5 0.74 
27 0.251 0.054 0.41 0.616 0.016 0.085 0.854 0.732 62.5 0.69 
367 
bill a bo ng Mg K Na HC03 S04 Cl cations anions TDS DV/MV 
(meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (meq/I) (me q/I) (meq/I) (mg/I) 
28 0.389 0.706 4.145 1.885 0.172 5.331 5.54 7.559 458.8 0.11 
28 * * * * * * * * * * 
28 0.413 0.491 3.532 0.082 0.182 3.78 4.784 4.226 273.9 0.15 
28 0.247 0.363 2.923 0.164 0.099 3.244 3.744 3.605 226.1 0.11 
28 * * * * * * * * * * 
28 0.299 0.153 0.461 l.18 0 0.127 1.133 1.307 104.7 0.67 
28 0.321 0.156 0.579 1.085 O.Ql 1 0.099 l.301 1.204 102.8 0.6 
28 0.356 0.213 . 0.831 1.478 0.011 0.113 1.645 1.612 136.2 0.46 
29 * * * * * * * * * * 
29 * * . * * * . * * * 
29 0.728 0.471 1.596 0.082 0.162 2.059 3.663 2.464 183.7 0.56 
29 0.782 0.394 1.788 0.328 0.073 2.651 3.903 3.125 215.3 0.57 
29 0.202 0.061 0.373 0.328 0.016 0.147 0.814 0.506 46.1 0.67 
29 0.416 0.071 0.439 1.495 0.011 0.147 1.347 1.662 128.8 1.23 
29 0.523 0.094 0.757 1.282 0.011 0.522 1.975 1.824 143.6 0.97 
29 0.819 0.22 1.435 l.909 0.016 1.154 3.332 3.094 237.5 0.75 
29a * * * * * * * * * * 
29a 0.221 0.071 0.592 0.967 O.Dl 1 0.79 1.134 1.778 114.8 0.52 
29a 0.383 0.073 0.84 0.574 0.016 0.621 1.594 1.225 96 0.58 
29a 0.461 0.069 0.853 0.574 0.016 l.015 1.713 l.62 112.6 0.68 
29a 0.214 0.043 0.425 0.328 0.037 0.203 0.83 0.604 50.3 0.62 
29a 0.259 0.043 0.28 0.865 0.005 0.102 0.804 0.977 75.7 l.15 
29a 0.348 0.054 0.561 1.036 0.005 0.333 1.29 1.379 105.5 0.83 
29a * * * * * * * * * * 
30 0.307 0.045 0.36 0.656 0.011 0.446 0.951 1.122 79.l 1.05 
30 0.721 0.197 1.227 1.508 0.011 1.608 2.712 3.136 214.8 0.71 
30 0.255 0.19 0.892 0.082 0.021 0.818 1.612 0.942 75.7 0.36 
30 * * * * * * * * * * 
30 0.204 0.056 0.345 0.328 0.042 0.183 0.78 0.594 49.1 0.73 
30 0.196 0.032 0.24 0.708 0 0.09 0.625 0.798 61. l 1.01 
30 0.185 0.026 0.235 0.554 0 0.056 0.606 0.61 49.9 1.02 
30 0.255 0.034 0.32 0.715 0 0.056 0.811 0.771 64.5 1.01 
31 0.289 0.102 0.405 0.656 0.016 0.558 1.086 1.245 87.4 0.86 
31 0.49 0.261 0.674 1.082 0.016 1.072 1.889 2.185 152.4 0.77 
31 0.084 0.127 0.34 0.082 0.011 0.338 0.661 0.441 35 0.3 
31 0.288 0.161 0.378 0.328 0.037 0.282 1.09 0.683 60.8 0.78 
31 0.16 0.089 0.353 0.246 0.016 0.186 0.722 0.463 41 0.5 
31 0.307 0.082 0.285 1.101 0 0.116 0.973 l.217 94.5 1.25 
31 0.272 0.095 0.305 0.777 0.011 0.071 0.965 0.868 74.1 1.05 
31 0.311 0.142 0.415 0.826 0.011 0.085 1.168 0.931 83.1 0.83 
32 0.236 0.054 0.25 0.574 0.016 0.333 0.726 0.938 65.6 1.08 
32 0.245 O.o? 0.265 1.082 0.011 0.395 0.77 1.497 99.6 1.01 
32 0.136 0.06 0.38 0.328 0.005 0.282 0.713 0.62 47.6 0.47 
32 0.123 0.054 0.361 0.328 0.01 1 0.197 0.662 0.546 43.9 0.45 
32 0.163 0.047 0.285 0.246 0.021 0.172 0.599 0.46 37.6 0.65 
32 0.189 0.032 0.237 0.629 0 0.09 0.607 0.72 55.9 0.98 
32 0.193 0.04 0.255 0.567 0 0.056 0.627 0.623 51.5 0.89 
32 0.247 0.057 0.3 0.641 0 0.085 0.804 0.725 61.2 0.97 
33 * * * * * * * * * * 
33 0.341 0.05 0.325 1.082 0.011 0.451 0.986 1.554 106.1 1.27 
33 0.185 0.041 0.4 0.41 0.005 0.268 0.788 0.688 53.5 0.6 
33 0. 181 0.038 0.374 0.328 0.005 0.226 0.751 0.564 46.1 0.63 
33 * * * * * * * * * * 
33 * * * * * * * * * * 
33 0.286 0.035 0.31 0.801 0 0.071 0.857 0.872 71 .3 1.16 
33 0.336 0.043 0.34 0.775 0 0.085 0.976 0.86 73.1 1.21 
I I 
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34 0.331 0.048 0.285 0.705 0.016 0.372 0.945 l.108 79.8 l.42 
34 0.365 0.066 0.355 1.082 0.011 0.48 l.106 1.582 110 l.25 
34 0.191 0.054 0.465 0.492 0.005 0.31 0.895 0.812 62.6 0.55 
34 0.197 0.051 0.439 0.41 0.005 0.254 0.886 0.674 55.4 0.61 
34 0.1 6 0.043 0.258 0.246 0.016 0.107 0.57 0.384 34 0.71 
34 0.175 0.033 0.256 0.629 0 0.076 0.605 0.705 55.3 0.85 
34 0.208 0.042 0.265 0.592 0 0.071 0.711 0.662 55.3 l 
34 0.188 0.056 0.323 0.529 0 0.085 0.737 0.614 52.9 0.72 
35 0.195 0.046 0.23 0.492 0.016 0.305 0.616 0.828 57.l 0.97 
35 . . . . . . . . . . 
35 0.095 0.048 0.345 0.246 0.011 0.268 0.574 0.535 39.4 0.35 
35 0.066 0.049 0.331 0.246 0.016 0.24 0.531 0.517 37.9 0.29 
35 . . . . . . . . . . 
35 0.169 0.031 0.236. 0.005 0.082 0.572 . . 0.89 
35 0.175 0.039 0.24 0.456 0 0.071 0.596 0.526 44.5 0.88 
35 0.233 0.05 0.265 0.529 0.005 0.099 0.717 0.638 53.4 l.01 
36 0.361 0.163 0.439 0.819 0.031 0.657 1.246 1.539 107.l 0.84 
36 0.456 0.209 0.618 l .082 0.021 0.959 1.603 2.082 141.9 0.74 
36 0.249 0.184 0.726 0.574 0.021 0.592 1.37 1.208 92.2 0.39 
36 0.28 0.179 0.7 0.492 0.047 0.592 1.383 l.178 89.9 0.45 
36 0.21 0.161 0.539 0.41 0.042 0.677 1.035 l.17 79.3 0.39 
36 0.258 0.057 0.26 0.944 0.011 0.093 0.793 1.058 80.7 l.16 
36 0.317 0.073 0.315 0.764 0 0.042 0.95 0.806 70.8 1.13 
36. . . . . . . . . . 
37 • . . . . . . . . . 
37. . . . . . . . . . 
37. . . . . . . . . . 
37 . . . . . . . . . . 
37 0.184 0.061 0.35 0.328 0.021 0.161 0.72 0.53 45.2 0.6 
37 0.286 0.035 0.255 1.023 0.005 0.076 0.8 l.109 84.2 l.37 
37 0.397 0.208 0.522 1.072 0.005 0.085 l .316 1.1 67 102.5 0.67 
37 • . . . . . . . . . 
38 0.243 0.063 0.286 0.574 0.011 0.381 0.782 0.975 68.3 0.97 
38 0.227 0.083 0.325 0.901 0.011 0.451 0.81 1.374 91.7 0.77 
38 0.128 0.065 0.435 0.328 0.011 0.31 0.745 0.659 50 0.37 
38 0.115 0.064 0.422 0.246 0.011 0.282 0.72 0.549 43.4 0.36 
38 0.16 0.046 0.275 0.246 0.005 0.116 0.585 0.372 33.7 0.66 
38 0.188 0.035 0.25 0.629 0.005 0.073 0.624 0.713 56.2 0.93 
38 0.206 0.041 0.275 0.592 0 0.056 0.707 0.648 54.8 0.95 
38 0.204 0.058 0.313 0.579 0 0.085 0.743 0.663 56.l 0.78 
39 0.536 0.19 0.896 0.951 0.13 1.196 2.086 2.407 163.2 0.71 
39 0.376 0.205 1.122 0.967 0.063 1.495 2.042 2.587 167.7 0.41 
39 0.15 0.135 1.07 0.164 0.026 0.874 l.51 l.09 80.l 0.19 
39 0.189 0.128 0.987 0.164 0.016 1.269 1.503 1.464 92.8 0.26 
39 . . . . . . . . . . 
39. . . . . . . . . . 
39. . . . . . . . . . 
39. . . . . . . . . . 
40 0.237 0.056 0.266 0.541 0.016 0.364 0.736 0.936 65 1.01 
40 0.254 0.072 0.305 0.852 0.011 0.395 0.812 1.268 86.6 0.92 
40 0.185 0.064 0.42 0.41 0.016 0.282 0.821 0.723 56.2 0.54 
40 0.197 0.061 0.413 0.41 0.016 0.212 0.844 0.653 54.2 0.6 
40. . . . . . . . . . 
40. . . . . . . . . . 
40. . . . . . . . . . 
40 . . . . . . . . . . 
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41 0.239 0.073 0.285 0.574 0.011 0.401 0.806 0.995 69.7 0.96 
41 0.219 0.089 0.315 0.852 0.011 0.451 0.806 1.324 88.7 0.77 
41 0.132 0.077 0.444 0.328 0.011 0.282 0.785 0.631 50.1 0.38 
41 0.132 0.069 0.439 0.328 0.016 0.226 0.785 0.585 48.4 0.4 
41 • . . . . . . . . . 
41 • . . . . . . . . . 
41 • . . . . . . . . . 
41 • . . . . . . . . . 
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Appendix table A3.2 Average, minimum and maximum values of physicochemical variables 
reported by billabong_ ('£!.art 1). 
total total sec chi temp- conduct 
billa- depth nitrogen phosphoru turbidity depth erature pH -ivity 
bong s 
cm mg/l mg/l NTU cm oc µS/cm 
1 n 6 6 6 6 2 6 6 5 
min 97 0.150 0.020 2.2 91 7.2 5.38 38 
max 193 1.110 0.420 5.6 220 24.9 6.53 56 
x 138 0.523 0.113 3.5 156 15.3 6.07 46 
2 n 7 7 7 7 6 7 7 6 
min 45 0.450 0.040 4.6 25 6.5 5.74 42 
max 136 1.760 0.400 44.0 120 20.6 7.15 196 
x 97 0.943 0.179 14.9 61 13.6 6.70 131 
3 n 6 6 6 6 6 6 6 5 
min 30 1.300 0.170 23.0 11 6.5 5.78 108 
max 102 5.970 2.300 97.0 45 24.2 6.89 347 
x 72 3.128 0.870 64.5 21 14.0 6.52 185 
4 n 6 6 6 6 6 6 6 5 
min 51 0.760 0.120 12.0 15 7.1 5.94 40 
max 168 3.430 0.480 53.0 46 27.1 6.83 59 
x 123 1.682 0.227 23.5 35 16.5 6.32 51 
5 n 7 7 7 7 6 7 7 6 
min 100 0.690 0.060 3.7 30 6.9 5.78 44 
max 272 1.600 0.250 16.0 130 25.9 7.18 63 
x 169 1.276 0.139 9.4 83 16.4 6.59 52 
6 n 8 8 8 8 8 8 7 7 
min 414 0.950 0.060 7.0 37 7.9 5.94 125 
max 471 1.480 0.420 21.0 95 27.1 7.80 246 
x 448 1.170 0.134 14.2 55 18.2 7.10 187 
7 n 8 8 8 8 8 8 8 7 
min 94 0.550 0.160 4.6 35 6.9 5.75 160 
max 235 1.600 1.000 21.0 95 18.5 7.15 318 
x 156 1.089 0.448 13.0 61 14.1 6.49 246 
7a n 6 6 6 6 6 6 6 5 
min 193 0.350 0.050 3.2 75 7.7 5.87 59 
max 325 1.400 0.620 7.2 175 22.9 7.25 198 
x 264 0.613 0.187 4.5 128 15.0 6.72 165 
8 n 8 8 8 8 8 8 7 7 
min 101 0.730 0.080 5.8 48 7.1 5.67 53 
max 300 2.000 0.380 29.0 130 19.9 6.75 136 
x 178 1.049 0.176 11.3 86 14.9 6.30 93 
9 n 8 8 8 8 8 8 7 7 
min 122 2.500 0.160 32.0 6 7.9 6.33 146 
max 145 5.400 0.710 135.0 23 26.5 7.48 278 
x 132 3.764 0.450 90.0 13 18.3 7.11 236 
10 n 8 8 8 8 8 8 7 7 
min 68 0.420 0.120 14.0 19 8.6 6.04 170 
max 186 2.000 0.500 63.0 52 23.8 7.54 294 
x 112 1.294 0.220 31.8 33 17.0 6.91 220 
11 n 6 6 6 5 6 6 6 5 
min 78 1.040 0.100 21.0 20 7.4 6.60 112 
max 139 1.700 0.310 37.0 40 20.5 7.10 480 
x 98 1.377 0.170 26.0 28 14.3 6.81 319 
12 n 6 6 6 6 5 6 5 5 
min 50 0.190 0.031 3.9 37 7.5 6.35 54 
max 336 1.120 0.090 26.0 88 23.1 7.24 117 
x 187 0.777 0.067 16.0 63 15.5 6.86 70 
13 n 7 7 7 7 7 7 7 6 
min 94 1.100 0.130 6.6 12 6.4 6.34 67 
max 199 5.900 0.470 59.0 70 23.7 7.60 136 
x 128 3.314 0.329 40.9 25 17.6 7.03 104 
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billa- depth total total secci temp- conduct 
bong nitrogen phosphorus turbidity depth erature pH -ivity 
cm µg/l µg/l NTU cm oc µS/cm 
14 n 5 5 5 5 5 5 5 4 
min 121 1.000 0.090 8.4 20 7.5 6.23 68 
max 332 2.400 0.210 60.0 77 22.0 7.49 116 
x 224 1.586 0.148 29.9 36 15.2 7.04 92 
15 n 7 7 7 6 5 7 7 5 
min 10 2.200 0.280 9.3 5 14.8 6.01 88 
max 187 12.700 3.900 100.0 35 32.9 9.19 996 
x 72 6.880 1.229 40.9 22 21.1 7.23 355 
16 n 6 6 6 6 6 6 6 5 
min 191 0.080 0.014 7.3 34 8.2 6.69 52 
max 573 1.400 0.140 63.0 97 24.0 7.60 72 
x 409 0.760 0.094 23.3 55 16.4 7.16 61 
17 n 3 3 3 3 1 3 2 3 
min 15 1.400 0.330 41.0 45 14.4 6.44 40 
max 40 2.800 0.450 130.0 45 34.0 6.60 110 
x 27 2.067 0.400 71.3 45 23.3 6.52 83 
18 n 3 3 3 3 3 3 2 3 
min 15 1.300 0.200 17.0 13 13.4 6.58 56 
max 131 8.400 4.500 260.0 19 36.9 9.40 132 
x 82 3.767 1.680 118.3 15 23.9 7.99 85 
19 n 6 7 7 7 7 7 7 6 
min 164 0.780 0.070 6.6 28 6.9 5.92 61 
max 230 1.700 0.320 31.0 85 24.5 7.19 97 
x 200 1.143 0.154 15.5 52 16.3 6.60 78 
20 n 5 5 5 5 5 5 5 5 
min 50 1.400 0.100 44.0 6 13.3 5.73 104 
max 200 5.300 0.970 152.0 29 22.6 7.50 1690 
x 131 3.068 0.350 96.2 17 18.9 6.64 673 
21 n 5 5 5 5 5 5 5 3 
min 72 0.740 0.070 16.0 17 7.6 5.71 70 
max 188 4.400 0.190 35.0 74 22.4 7.07 89 
x 120 1.730 0.112 24.8 42 16.8 6.35 80 
22 n 6 6 6 6 6 6 6 4 
min 123 0.940 0.100 5.3 63 6.4 5.51 70 
max 210 2.800 0.230 13.0 112 23.8 6.89 102 
x 164 1.405 0.140 8.7 86 16.5 6.27 90 
23 n 6 6 6 6 6 6 6 4 
min 85 0.680 0.060 4.6 18 7.0 5.84 83 
max 203 1.400 0.320 40.0 97 22.9 6.67 109 
x 147 0.978 0.128 18.3 64 16.8 6.31 96 
24 n 3 3 3 3 3 3 2 1 
min 48 1.200 0.100 5.3 18 9.7 6.05 54 
max 279 2.060 0.150 38.0 90 17.8 6.70 54 
x 132 1.720 0.133 25.4 44 13.4 6.38 54 
25 n 6 6 6 6 6 6 5 4 
min 69 1.400 0.100 13.0 7 8.3 6.30 98 
max 153 4.500 0.390 110.0 40 24.4 7.08 128 
x 112 2.575 0.248 49.5 27 17.1 6.65 110 
26 n 5 6 6 6 6 6 5 4 
min 84 0.950 0.110 21.0 7 8.6 6.11 60 
max 186 3.300 0.420 120.0 45 24.9 6.53 87 
x 129 1.813 0.252 52.2 26 17.8 6.34 75 
27 n 6 6 6 6 6 6 5 4 
rrun 71 0.880 0.130 17.0 15 9.0 5.93 67 
max 151 3.600 0.370 52.0 41 25.5 7.24 92 
x 113 1.657 0.212 37.8 26 18.2 6.69 79 
28 n 6 6 6 6 6 6 5 4 
min 28 2.500 0.160 7.6 6 8.6 6.04 119 
max 167 19.600 5.200 62.0 65 27.3 7.90 893 
x 93 7.687 1.160 28.8 32 19.9 6.67 327 
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billa- total total seed temp- conduct 
bong depth nitrogen phosphorus turbidity depth erature pH -ivity 
cm µg/l µg/l :NTU cm oc µS/cm 
29 n 6 6 6 6 5 6 6 4 
min 10 1.200 0.100 15.0 14 11.1 5.82 92 
max 105 6.600 0.450 95.0 60 24.1 8.10 366 
x 56 3.533 0.257 34.7 36 16.9 6.64 230 
29a n 6 6 6 6 6 6 6 4 
min 342 0.420 0.033 7.9 48 8,7 5.86 82 
max 447 1.300 0.420 18.0 89 24.2 7.22 180 
x 385 0.780 0.131 14.7 63 16.5 6.76 127 
30 n 8 7 7 7 4 7 7 6 
min 3 1.100 0.090 7.5 20 11.7 5.60 63 
max 111 6.800 0.790 70.0 75 24.5 7.51 305 
x 56 2.331 0.261 38.1 41 20.3 6.32 119 
31 n 8 8 8 8 5 8 7 6 
min 9 0.760 0.100 5.7 3 9.6 5.73 62 
max 118 9.100 3.100 240.0 55 21.8 6.55 230 
x 63 2.528 0.588 47.8 40 16.5 6.23 132 
32 n 8 8 8 8 8 8 7 6 
min 161 0.670 0.060 13.0 22 7.6 6.26 64 
max 362 4.000 0.180 42.0 57 26.2 7.48 92 
x 258 1.256 0.111 24.8 38 18.7 6.75 76 
33 n 5 5 5 5 5 5 5 3 
min 148 0.360 0.044 16.0 25 7.5 6.40 93 
max 233 1.400 0.450 34.0 47 24.7 7.16 120 
x 189 0.760 0.149 23.7 36 17.8 6.75 103 
34 n 8 8 8 8 8 8 7 6 
min 99 0.790 0.070 18.5 26 7.9 6.11 60 
max 252 1.620 0.290 34.0 45 25.0 7.70 130 
x 157 1.125 0.127 24.3 33 17.9 6.95 85 
35 n 5 6 6 6 6 5 5 3 
min 323 0.580 0.070 6.6 14 8.5 6.42 63 
max 487 3.300 0.200 79.0 65 25.0 7.61 79 
x 402 1.642 0.128 29.2 40 18.6 6.80 71 
36 n 7 7 7 7 7 7 6 5 
min 96 1.500 0.210 5.7 6 7.3 6.70 86 
max 208 6.900 0.680 210.0 88 25.0 7.20 174 
x 136 3.133 0.339 73.1 26 17.2 6.97 121 
37 n 3 3 3 3 2 3 2 3 
min 37 1.200 0.130 20.0 20 13.2 6.00 77 
max 50 3.700 0.530 27.0 45 24.4 6.65 175 
x 42 2.533 0.380 24.7 33 19.0 6.33 126 
38 n 8 8 8 8 8 8 7 6 
min 122 0.790 0.120 22.0 15 8.0 6.18 65 
max 314 3.800 0.260 57.0 38 25.0 7.11 98 
x 211 1.649 0.168 35.4 26 17.9 6.62 78 
39 n 4 4 4 4 4 4 4 2 
min 48 2.080 0.240 80.0 8 6.4 6.60 260 
max 111 4.900 0.400 125.0 14 22.0 6.71 271 
x 71 3.043 0.285 101.8 11 14.5 6.68 266 
40 n 4 4 4 4 4 4 4 2 
min 113 0.165 0.080 20.0 28 8.5 6.88 90 
max 161 1.900 0.140 29.0 43 23.6 7.78 99 
x 133 1.191 0.103 24.6 33 16.4 7.16 95 
41 n 4 4 4 4 4 4 4 2 
min 165 1.540 0.150 20.0 18 7.8 6.75 97 
max 211 3.800 0.220 30.0 34 23.9 7.21 98 
x 181 2.155 0.183 26.4 27 16.4 6.97 98 
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Appendix table A3.3 Average, minimum and maximum values of physicochemical variables 
reported b~ billabong_ <e.art 2). 
Ca2+ Mg2• K. Na· HC03· 5042· er cations anions salinity 
bb meqrl meqrl meq1-l meq1-l me91-l megi-1 meq1-l meqrl meqrl mgrl 
1 n 6 6 6 6 6 6 6 6 6 6 
min 0.123 0.082 0.013 0.109 0.246 0.000 0.028 0.331 0.327 25.0 
max 0.221 0.148 0.020 0.135 0.708 0.010 0.099 0.522 0.759 55.1 
x 0.170 0.114 0.018 0.123 0.403 0.005 0.060 0.424 0.469 35.3 
2 n 7 7 7 7 7 7 7 7 7 7 
min 0.123 0.118 0.019 0.135 0.246 0.000 0.051 0.395 0.361 26.8 
max 0.579 0.782 0.079 0.853 1.799 0.031 0.733 2.238 2.082 150.2 
x 0.410 0.482 0.051 0.484 1.097 0.012 0.254 1.427 1.362 103.7 
3 n 6 6 6 6 6 6 6 6 6 6 
min 0.334 0.360 0.066 0.290 0.656 0.010 0.042 1.052 1.176 86.9 
max 0.712 0.708 0.162 1.109 1.467 0.167 0.818 2.691 2.232 169.7 
x 0.446 0.499 0.107 0.686 1.150 0.052 0.337 1.738 1.539 119.6 
4 n 6 6 6 6 6 6 6 6 6 6 
min 0.029 O.Q18 0.036 0.175 0.164 0.000 0.028 0.416 0.375 27.6 
max 0.162 0.171 0.054 0.315 0.708 0.062 0.212 0.545 0.779 56.5 
x 0.093 0.100 0.045 0.239 0.371 0.021 0.103 0.477 0.495 37.6 
5 n 7 7 7 7 7 7 7 7 7 7 
min 0.079 0.060 0.031 0.135 0.246 0.000 0.028 0.435 0.368 29.6 
max 0.197 0.152 0.117 0.280 0.787 0.021 0.197 0.636 0.995 66.4 
x 0.144 0.124 0.064 0.183 0.435 0.009 0.105 0.514 0.549 41.8 
6 n 7 7 7 7 7 7 7 7 7 7 
min 0.334 0.457 0.043 0.360 0.983 0.010 0.085 1.203 1.208 102.3 
max 0.579 0.821 0.107 0.961 1.622 0.042 0.903 2.217 2.546 173.7 
x 0.425 0.629 0.069 0.678 1.339 0.025 0.314 1.800 1.679 128.5 
7 n 8 8 8 8 8 8 8 8 8 8 
min 0.460 0.165 0.029 0.539 0.901 0.010 0.113 1.254 1.112 89.2 
max 0.984 0.860 0.123 0.805 2.989 0.042 0.959 2.751 3.159 231.6 
x 0.727 0.654 0.072 0.711 1.807 0.027 0.359 2.164 2.194 166.0 
7a n 6 6 6 6 6 6 6 6 6 6 
min 0.160 0.484 0.021 0.220 0.328 0.000 0.082 0.885 0.441 39.4 
max 0.733 0.732 0.053 0.735 2.203 0.031 0.423 2.148 2.320 171.9 
x 0.527 0.614 0.032 0.575 1.401 O.Q15 0.177 1.748 1.594 125.0 
8 n 8 8 8 8 8 8 8 8 8 8 
min 0.140 0.144 0.021 0.155 0.328 0.000 0.028 0.481 0.434 33.7 
max 0.504 0.383 0.104 0.300 1.293 0.021 0.282 1.194 1.332 102.0 
x 0.312 0.285 0.067 0.208 0.785 0.012 0.135 0.872 0.932 70.4 
9 n 8 8 8 8 8 8 8 8 8 8 
min 0.262 0.465 0.173 0.405 0.656 0.021 0.099 1.306 0.950 77.7 
max 0.595 1.105 0.279 0.957 2.281 0.312 1.241 2.807 2.846 193.9 
x 0.434 0.828 0.223 0.741 1.493 0.103 0.550 2.226 2.145 160.0 
10 n 8 8 8 8 7 8 8 8 7 7 
min 0.448 0.416 0.060 0.478 0.819 0.010 0.085 1.595 1.217 97.6 
max 0.684 0.839 0.113 1.109 1.888 0.135 1.297 2.602 3.252 213.3 
x 0.557 0.602 0.092 0.783 1.440 0.049 0.555 2.033 1.978 148.1 
11 n 6 6 6 6 6 6 6 6 6 6 
min 0.195 0.272 0.049 0.505 0.410 0.021 0.141 1.030 0.592 53.l 
max 0.354 0.810 0.076 2.375 1.337 0.062 3.639 3.609 4.160 234.3 
x 0.278 0.573 0.060 1.706 0.688 0.037 2.024 2.616 2.747 169.5 
12 n 6 6 6 6 6 6 6 6 6 6 
min 0.136 0.146 0.028 0.125 0.328 0.000 0.082 0.452 0.441 34.4 
max 0.432 0.211 0.041 0.260 0.656 0.021 0.245 0.945 0.849 65.8 
x 0.217 0.172 0.034 0.202 0.493 0.009 0.147 0.624 0.649 48.l 
13 n 7 7 7 7 7 7 7 7 6 6 
min 0.172 0.214 0.039 0.230 0.016 0.000 0.051 0.665 0.532 45.2 
max 0.312 0.407 0.151 0.522 0.737 0.083 0.649 1.290 1.417 96.3 
x 0.221 0.291 0.089 0.379 0.476 0.031 0.315 0.980 0.866 64.9 
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Ca2• Mg2. K• Na• HC03· 5042· er cations anions salinity 
bb meq1-l meqrl meqrl meqrl megrl megrl meqrl meqrl meq1-l mgrl 
14 n 5 5 5 5 5 5 5 5 5 5 
min 0.106 0.115 0.037 0.245 0.246 0.000 0.056 0.650 0.509 42.0 
max 0.218 0.247 0.094 0.635 0.708 0.062 0.367 1.039 0.839 63.5 
x 0.161 0.196 0.061 0.453 0.490 0.035 0.190 0.870 0.715 56.7 
15 n 7 7 7 7 7 7 7 7 7 7 
min 0.152 0.206 0.086 0.290 0.542 0.000 0.085 0.911 0.638 57.6 
max 1.449 3.493 1.501 4.302 2.540 0.250 6.346 7.710 9.137 584.2 
x 0.593 0.927 0.550 1.547 1.125 0.065 1.759 3.183 2.950 209.l 
16 n 6 6 6 6 6 6 6 6 6 6 
min 0.152 0.171 0.030 0.140 0.246 0.000 0.042 0.559 0.462 38.0 
max 0.384 0.458 0.048 0.274 0.629 0.031 0.234 4.054 0.755 77.6 
x 0.214 0.238 0.035 0.221 0.407 0.012 0.149 1.213 0.568 50.5 
17 n 3 3 3 3 3 3 3 3 3 3 
min 0.092 0.126 0.045 0.255 0.246 0.010 0.056 0.518 0.506 35.5 
max 0.317 0.374 0.059 0.420 1.259 0.021 0.240 1.042 1.410 102.2 
x 0.208 0.254 0.053 0.323 0.781 0.017 0.146 0.839 0.944 70.4 
18 n 3 3 3 3 3 3 3 3 3 3 
min 0.048 0.064 0.027 0.220 0.164 0.000 0.042 0.359 0.301 22.9 
max 0.359 0.411 0.066 0.415 0.987 0.021 0.127 1.251 1.050 87.0 
x 0.190 0.223 0.042 0.286 0.620 0.010 0.094 0.740 0.724 56.4 
19 n 7 7 7 7 7 7 7 7 7 7 
min 0.140 0.157 0.032 0.155 0.328 0.000 0.028 0.512 0.528 40.3 
max 0.285 0.246 0.074 0.275 0.813 0.031 0.288 0.857 0.964 66.2 
x 0.210 0.199 0.053 0.229 0.555 0.012 0.168 0.690 0.735 54.3 
20 n 5 5 5 5 5 5 5 5 5 5 
min 0.169 0.171 0.039 0.779 0.616 0.021 0.598 1.320 1.277 98.3 
max 1.112 2.781 0.286 4.202 2.131 0.291 7.898 7.662 10.070 559.1 
x 0.543 1.030 0.189 2.186 1.374 0.089 3.064 3.948 4.528 277.8 
21 n 5 5 5 5 5 5 5 5 5 5 
min 0.065 0.077 0.027 0.260 0.246 0.010 0.042 0.537 0.397 32.3 
max 0.185 0.790 0.062 0.492 0.787 0.021 0.367 1.377 0.882 69.1 
x 0.118 0.283 0.040 0.339 0.497 0.012 0.192 0.780 0.701 52.9 
22 n 6 6 6 6 6 6 6 6 6 6 
min 0.129 0.156 0.042 0.216 0.328 0.000 0.056 0.703 0.522 43.7 
max 0.330 0.385 0.139 0.457 0.936 0.021 0.358 1.043 1.024 79.7 
x 0.211 0.282 0.083 0.311 0.701 0.010 0.177 0.887 0.888 67.6 
23 n 6 6 6 6 6 6 6 6 6 6 
min 0.079 0.078 0.032 0.240 0.164 0.000 0.042 0.539 0.340 28.5 
max 0.330 0.426 0.066 0.395 0.987 0.021 0.307 1.140 1.037 83.7 
x 0.204 0.264 0.047 0.302 0.617 0.009 0.149 0.818 0.775 59.5 
24 n 3 3 3 3 3 3 3 3 3 3 
min 0.038 0.033 0.041 0.178 0.082 0.010 0.076 0.328 0.177 16.1 
max 0.092 0.179 0.056 0.235 0.551 0.010 0.183 0.522 0.637 47.2 
x 0.063 0.085 0.048 0.208 0.266 0.010 0.115 0.404 0.391 29.7 
25 n 6 6 6 6 6 6 6 6 6 6 
min 0.091 0.132 0.045 0.345 0.246 0.021 0.085 0.798 0.598 47.9 
max 0.229 0.406 0.107 0.631 0.944 0.083 0.508 1.281 1.109 81.4 
x 0.160 0.265 0.085 0.466 0.584 0.037 0.273 0.976 0.894 67.5 
26 n 6 6 6 6 6 6 6 6 6 6 
min 0.040 0.040 0.035 0.265 0.082 0.000 0.042 0.468 0.418 29.4 
max 0.155 0.262 0.067 0.385 0.629 0.125 0.355 0.819 0.868 56.2 
x 0.097 0.155 0.052 0.313 0.423 0.042 0.184 0.617 0.648 47.4 
27 n 6 6 6 6 6 6 6 6 6 6 
min 0.074 0.099 0.031 0.310 0.246 0.000 0.071 0.614 0.535 39.3 
max 0.139 0.251 0.054 0.457 0.629 0.031 0.409 0.854 0.921 59.9 
x 0.104 0.178 0.045 0.370 0.470 0.023 0.215 0.697 0.707 51.9 
28 n 6 6 6 6 6 6 6 6 6 6 
min 0.211 0.247 0.153 0.461 0.082 0.000 0.099 1.133 1.204 98.9 
max 0.347 0.413 0.706 4.145 1.885 0.364 5.331 5.540 7.559 454.l 
x 0.261 0.338 0.347 2.079 0.979 0.158 2.116 3.024 3.252 213.0 
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Ca2• Mg2• K. Na• HC03· 5042· er cations anions salinity 
bb meqrl meq i-1 meq1-l meqrl meg i-1 megrl meqrl meq1-l meq1-l mgrl 
29 n 6 6 6 6 6 6 6 6 6 6 
min 0.178 0.202 0.061 0.373 0.082 0.021 0.147 0.814 0.506 43.7 
max 0.939 0.819 0.471 1.788 1.909 0.323 2.651 3.903 3.125 227.6 
x 0.644 0.578 0.219 1.065 0.904 0.096 1.113 2.506 2.112 152.2 
29a n 6 6 6 6 6 6 6 6 6 6 
min 0.148 0.214 0.043 0.280 0.328 0.010 0.102 0.804 0.604 47.7 
max 0.330 0.461 0.073 0.853 1.036 0.073 1.015 1.713 1.778 112.1 
x 0.263 0.314 0.059 0.592 0.724 0.029 0.511 1.227 1.264 88.7 
30 n 7 7 7 7 7 7 7 7 7 7 
min 0.157 0.185 0.026 0.235 0.082 0.000 0.056 0.606 0.594 46.6 
max 0.567 0.721 0.197 1.227 1.508 0.083 1.608 2.712 3.136 206.0 
x 0.254 0.303 0.083 0.517 0.650 0.024 0.465 1.157 1.139 81.2 
31 n 8 8 8 8 8 8 8 8 8 8 
min 0.109 0.084 0.082 0.285 0.082 0.000 0.071 0.661 0.441 34.0 
max 0.464 0.490 0.261 0.674 1.101 0.073 1.072 1.889 2.185 146.5 
x 0.267 0.275 0.132 0.394 0.637 0.029 0.339 1.069 1.004 75.2 
32 n 8 8 8 8 8 8 8 8 8 8 
min 0.104 0.123 0.032 0.237 0.246 0.000 0.056 0.599 0.460 35.6 
max 0.200 0.247 0.070 0.380 1.082 0.042 0.395 0.804 1.497 96.6 
x 0.154 0.192 0.052 0.292 0.549 0.016 0.201 0.689 0.766 55.5 
33 n 5 5 5 5 5 5 5 5 5 5 
min 0.158 0.181 0.035 0.310 0.328 0.000 0.071 0.751 0.564 43.9 
max 0.270 0.341 0.050 0.400 1.082 0.021 0.451 0.986 1.554 102.0 
x 0.215 0.266 0.041 0.350 0.679 0.008 0.220 0.872 0.907 66.8 
34 n 8 8 8 8 8 8 8 8 8 8 
min 0.109 0.160 0.033 0.256 0.246 0.000 0.071 0.570 0.384 32.0 
max 0.320 0.365 0.066 0.465 1.082 0.031 0.480 1.106 1.582 105.6 
x 0.200 0.227 0.049 0.331 0.586 0.013 0.219 0.807 0.818 60.4 
35 n 6 6 6 6 5 6 6 6 5 5 
min 0.085 0.066 0.031 0.230 0.246 0.000 0.071 0.531 0.517 37.0 
max 0.169 0.233 0.050 0.345 0.529 0.031 0.305 0.717 0.828 54.7 
x 0.127 0.156 0.044 0.275 0.394 0.017 0.178 0.601 0.609 44.6 
36 n 7 7 7 7 7 7 7 7 7 7 
min 0.125 0.210 0.057 0.260 0.410 0.000 0.042 0.793 0.806 67.0 
max 0.320 0.456 0.209 0.726 1.082 0.094 0.959 1.603 2.082 136.3 
x 0.232 0.304 0.147 0.514 0.726 0.049 0.516 1.197 1.292 90.9 
37 n 3 3 3 3 3 3 3 3 3 3 
min 0.125 0.184 0.035 0.255 0.328 0.010 0.076 0.720 0.530 42.9 
max 0.224 0.397 0.208 0.522 1.072 0.042 0.161 1.316 1.167 97.6 
x 0.179 0.289 0.101 0.376 0.808 0.021 0.107 0.945 0.935 73.8 
38 n 8 8 8 8 8 8 8 8 8 8 
min 0.104 0.115 O.D35 0.250 0.246 0.000 0.056 0.585 0.372 31.7 
max 0.190 0.243 0.083 0.435 0.901 0.021 0.451 0.810 1.374 89.0 
x 0.151 0.184 0.057 0.323 0.512 0.013 0.219 0.714 0.744 54.5 
39 n 4 4 4 4 4 4 4 4 4 4 
min 0.155 0.150 0.128 0.896 0.164 0.031 0.874 1.503 1.090 78.3 
max 0.464 0.536 0.205 1.122 0.967 0.260 1.495 2.086 2.587 163.2 
x 0.289 0.313 0.165 1.019 0.562 0.117 1.209 1.785 1.887 122.2 
40 n 4 4 4 4 4 4 4 4 4 4 
min 0.152 0.185 0.056 0.266 0.410 0.021 0.212 0.736 0.653 51.7 
max 0.181 0.254 0.072 0.420 0.852 0.031 0.395 0.844 1.268 83.5 
x 0.171 0.218 0.063 0.351 0.553 0.029 0.313 0.803 0.895 62.8 
41 n 4 4 4 4 4 4 4 4 4 4 
min 0.132 0.132 0.069 0.285 0.328 0.021 0.226 0.785 0.585 46.8 
max 0.209 0.239 0.089 0.444 0.852 0.031 0.451 0.806 1.324 86.l 
x 0.167 0.181 0.077 0.371 0.521 0.024 0.340 0.795 0.884 62.0 
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Appendix table A3.4 Slope of the relationship between physicochemical variables and 
a) billabong depth, b) maximum billabong area. 
a) 
predicted mean 
physico-
chemical depth = depth= depth= 
variable interaction n slope 50cm 136cm 300cm 
In nitrogen 
mg1-1 none 249 -0.54 ± 0.13 .81 .27 -.16 
Jan 1992 26 -1.03 ± 0.53 -1.00 -2.03 -2.84 
Mar 1992 22 -1.02 ± 0.47 -1.32 -2.35 -3.17 
In phosphorus May 37 -0.49 ± 0.45 -1.98 -2.47 -2.86 
mgI-1 July 36 -0.74 ± 0.45 -1.48 -2.22 -2.81 
Sept 25 -0.58 ±0.49 -1.22 -1.80 -2.25 
Nov 35 -0.67 ± 0.50 -0.79 -1.47 -2.00 
Jan 1993 30 -0.40 ±0.47 -0.56 -0.95 -1.27 
Mar 1993 28 -0.09 ±0.43 -1.95 -2.03 -2.10 
In turbidity 
NTU 251 -0.60 ± 0.18 3.84 3.25 2.77 
Jan 1992 25 0.69 ± 0.42 3.04 3.73 4.27 
Mar1992 21 0.60 ± 0.37 2.94 3.54 4.01 
May 35 0.42 ± 0.34 3.09 3.51 3.84 
In secchi July 33 0.69 ± 0.35 2.99 3.69 4.23 
depth cm Sept 26 0.16 ± 0.38 3.35 3.51 3.64 
Nov 34 0.08 ±0.43 3.82 3.90 3.96 
Jan 1993 31 0.28 ±0.37 3.29 3.57 3.79 
Mar 1993 28 0.40 ± 0.33 3.16 3.56 3.87 
In salinity Nonfarm 119 0.15±0.20 4.09 4.24 4.36 
mgI-1 Farm 115 -0.41±0.12 5.09 4.69 4.36 
Ca+Mg Murray 187 0.0004 ± 0.0013 1.58 1.55 1.48 
Na+K Ovens 46 0.0015 ± 0.0013 0.86 0.99 1.24 
b) 
physico-
chemical area= area = area= area= 
variable interaction n slope 0.01 ha 0.5 ha 2.3ha 8ha 
In 
phosphorus 
mgI-1 none 239 -0.12 ± 0.09 -1.42 -1.89 -2.08 -2.23 
In salinity 
mgI-1 none 234 -0.11±0.10 4.82 4.39 4.22 4.09 
Ca+Mg regul. = NR 121 -0.064 ± 0.09 1.70 1.67 1.56 1.19 
Na+K P2 32 0.022 ± 0.09 1.16 1.17 1.21 1.34 
P3 80 0.028 ± 0.07 1.00 1.01 1.07 1.23 
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Appendix4 
Present day billabong communities 
The results of limnetic sampling (plankton nets) and littoral sampling (plankton nets, 
scrapes of vegetation) are provided in Appendix Table A4.l . Summary data for the 
coverage of aquatic macrophytes are provided for each billabong in Appendix Table 
A4.2. The full macrophyte data are reported in Appendix Table A3.l. 
Abbreviations in Appendix Table A4.l: 
Moina/Pseud. 
Ceriod. 
Simoceph 
Myrio 
Chydor. 
submer. 
Eleo 
inn. grass 
Scapholeb 
Os tr a. 
s, m, 1 
uncomm 
abund 
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Combined count of Moinidae and Pseudomoina 
Ceriodaphnia 
Simocephalus 
Myriophyllum 
Chydoridae 
submersed macrophytes 
Eleocharis 
innundated grass 
Scapholeberis 
Ostracod 
small, moderate, large (general body size of assemblage) 
uncommon 
abundant 
Appendix table A4.1 Composition oflimnetic and littoral community sampling. 
Limnetic samples 
b'bong date additional size Sididae Bosmina Daphnia Simoceph Ceriod. Chydorid Moina 
material /Pseud. 
2 5/11/92 duckweed s/I 2 2 
3 9/15/92 I 20 4 
4 5/11/92 s 
4 9/15/92 s 4 3 
5 3/17/92 s 8 1 12 
5 5/11/92 s/I 5 1 10 1 
6 3/17/92 s 4 
7 3/18/92 s 3 
7a 2/15/92 s 2 2 
7a 11/19/92 s l 2 
8 3/18/92 s 60 l 
8 11/19/92 s uncomm. 2 uncomm. 
9 3/17/92 s 26 4 5 
9 5/12/92 s 45 1 3 
10 3/16/92 s 91 
10 9/16/92 I 79 12 
11 2/10/92 filam. algae s 
12 3/11/92 s 7 34 5 1 
12 5/14/92 s 2 
13 5/14/92 s uncomm 
13 11/16/92 s/m 1 4 21 21 
14 3/16/92 s 
15 9/27/92 s/m 2 2 10 1 
18 11/17 /92 s 6 2 37 
19 11/17 /92 and litter s 1 22 37 l 
19 1/18/93 s 20 
20 5/15/92 IAzOllO? s/I 3 
21 5/16/92 s 1 
22 5/16/92 some Azollo s 2 
23 5/16/92 s 
25 5/17/92 s 2 
25 1/20/93 s 7 3 
26 5/17/92 s 1 
27 5/17/92 s 14 
27 1/20/93 s 14 7 
28 5/16/92 s uncomm. 
29 5/18/92 s 
29 11/20/92 litter? s 1 uncomm. 8 
29a 5/18/92 s 
29a 9/17/92 s 19 7 
29a 11/20/92 s 8 8 8 
29a 1/19/93 s 5 2 1 6 
30 3/12/92 Azollo s/I 2 l 1 10 1 
30 9/17 /92 s 19 4 
31 5/18/92 litter s 2 
32 3/15/92 s 10 1 
32 5/20/92 s 
32 1/19/93 s 5 3 2 
33 3/16/92 21 1 
33 5/20/92 s 3 
34 3/13/92 s 12 
34 11/20/92 s 11 1 
36 5/19/92 s 
38 3/12/92 s 35 
38 5/19/92 s 
39 5/19/92 s 
40 3/13/92 s 5 uncomm 
40 5/19/92 I 
41 3/13/92 s 21 23 
41 5/19/92 s 
average % abundance when present 12.1 12.7 14.7 4.6 4.8 12.3 7.9 
overall relative abundance 2.22 5.48 2.20 0.85 1.53 l.85 2.10 
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Littoral samples 
b'bong date type size Sididae Bosmina Daphnia Simoceph Ceriod. Chydor. Moina 
/Pseud. 
l 9/14/92 Triglochin common 
l 11/18/92 eelgrass common abund 
2 5/11/92 Myrio abund common 
2 9/15/92 rushes+Azo//a common abund 
3 5/11/92 Azolla abund common 
4 9/15/92 rushes uncomm. a bun 
5 3/17/92 abund abund common 
5 11/18/92 eelgrass abund abund common 
6 5/12/92 rushes uncomm. uncomm. 
6 9/15/92 submer. +rushes abund common abund 
6 11/19/92 rushes common abund 
7 9/16/92 common uncomm. common 
7 l l/19/92 eelgrass common 
la 2/15/92 common 
8 9/16/92 inn. grass common common 
8 11/19/92 Myrio abund abund 
9 9/16/92 rushes abund common abund 
10 3/18/92 uncomm. abund 
10 5/13/92 rushes abund common uncomm 
10 9/16/92 rushes uncomm uncomm uncomm. 
11 2/10/92 filam. algae, other? uncomm. 
11 5/14/92 rushes abund common 
12 9/28/92 dead reeds common abund 
13 9/28/92 various common abund 
14 3/16/92 uncomm. 
14 11/16/92 rushes common common 
15 5/17/92 grass abund abund 
19 5/15/92 Azolla abund 
19 1/18/93 common uncomm. common 
20 11/20/92 eelgrass uncomm. common common 
21 5/6/92 a bun common 
21 11/20/92 eelgrass common common 
22 5/16/92 abund 
22 11/20/92 Myrio common abund 
22 1/20/93 Myrio common 
23 5/16/92 Ottelia common common 
25 1/20/93 Myrio uncomm. common 
25 5/17/95 rushes commor 
27 5/17/92 rush/Myrio. a bun 
27 11/17 /92 rushes uncomm common 
28 11/l 7 /92 Eleo+grass common uncomm. 
29 9/17/92 rushes uncomm. common 
29 11/20/92 Moira abund abund 
29a 5/18/92 Myrio uncomm. 
29a 11/20/92 uncomm. 
29a 1/19/93 Myrio common 
30 11/20/92 aquatic grass uncomm. uncomm. 
31 11/20/92 rushes uncomm uncomm. uncomm 
32 3/15/92 filam. algae, other? abund 
32 11/20/92 Moira uncomm 
33 5/20/92 Ottelia/Myrio. 
34 9/17/92 sedges uncomm common 
34 11/20/92 eelgrass common uncomm 
36 9/18/92 Myrio+others (outer pool) common abund 
37 9/18/92 inn. grass common common 
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Limnetic samples 
b'bong date cope pods DaphnidOE Macrothric Scapholeb. Ostra. oogonia Atyid Conchostracan 
ephippia larvae 
2 5/11/92 96 
3 9/15/92 76 
4 5/11/92 100 
4 9/15/92 60 33 
5 3/17/92 79 
5 5/11/92 83 
6 3/17/92 96 uncomm. 
7 3/18/92 42 55 
7a 2/15/92 95 l 
7a 11/19/92 95 2 
8 3/18/92 39 
8 11/19/92 98 
9 3/17/92 65 
9 5/12/92 51 
10 3/16/92 9 
10 9/16/92 9 
11 2/10/92 98 2 
12 3/11/92 53 
12 5/14/92 98 
13 5/14/92 100 
13 11/16/92 53 
14 3/16/92 93 7 
15 9/27/92 83 2 
18 11/17 /92 54 l 
19 11 /17 /92 35 4 
19 1/18/93 80 
20 5/1 5/92 97 
21 5/16/92 99 
22 5/16/92 98 
23 5/16/92 100 
25 5/17/92 95 3 
25 1/20/93 89 1 
26 5/17/92 99 
27 5/17/92 86 
27 1/20/93 79 
28 5/16/92 58 1 41 
29 5/18/92 6 33 61 
29 11/20/92 91 
29a 5/18/92 100 
29a 9/17/92 73 1 
29a 11/20/92 75 1 
29a 1/19/93 86 
30 3/12/92 83 2 
30 9/17/92 71 6 
31 5/18/92 96 2 
32 3/15/92 89 uncomm. 
32 5/20/92 100 
32 1/19/93 90 
33 3/16/92 78 
33 5/20/92 97 
34 3/13/92 88 
34 11/20/92 52 36 
36 5/19/92 100 lots 
38 3/12/92 65 
38 5/19/92 100 
39 5/19/92 100 
40 3/13/92 95 uncomm. 
40 5/19/92 100 
41 3/13/92 56 uncomm. 
41 5/19/92 100 
78.9 13.9 29.0 22.4 1.4 0.0 
78.85 1.85 0.97 1.87 0.23 0.00 
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Littoral samples 
b'bong date cope pods Daphnidm Macrothric Scapholeb. Ostra. oogonia Atyid Conchostracan 
ephippia larvae 
1 9/14/92 common common 
1 11/18/92 common 
2 5/11/92 uncomm. 
2 9/15/92 abund uncomm. 
3 5/11/92 
4 9/15/92 uncomm. 
5 3/17/92 common 
5 11/18/92 common uncomm. uncomm. 
6 5/12/92 uncomm. 
6 9/15/92 common uncomm. 
6 11/19/92 abund common uncomm. 
7 9/16/92 common common 
7 11/19/92 common uncomm. 
7a 2/15/92 uncomm. common 
8 9/16/92 uncomm. uncomm. 
8 11/19/92 abund 
9 9/16/92 common 
10 3/18/92 common 
10 5/13/92 abund 
10 9/16/92 uncomm. 
11 2/10/92 uncomm. uncomm. 
11 5/14/92 common 
12 9/28/92 abund 
13 9/28/92 lots uncomm. 
14 3/16/92 
14 11/16/92 abund uncomm. 
15 5/17/92 common uncomm. 
19 5/15/92 
19 1/18/93 common 
20 11/20/92 uncomm. uncomm. 
21 5/6/92 
21 11/20/92 uncomm. abund uncomm. 
22 5/16/92 uncomm. 
22 11/20/92 common uncomm. 
22 1/20/93 uncomm. uncomm. 
23 5/16/92 common uncomm. 
25 1/20/93 common 
25 5/17/95 common common 
27 5/17/92 few few 
27 11/17/92 common uncomm. 
28 11/17/92 abund abund 
29 9/17/92 common 
29 11/20/92 abund uncomm. common 
29a 5/18/92 uncomm. uncomm. 
29a 11/20/92 common uncomm. 
29a 1/19/93 abund 
30 11/20/92 uncomm. uncomm. uncomm. 
31 11/20/92 uncomm. uncomm. uncomm. 
32 3/15/92 
32 11/20/92 uncomm. uncomm. 
33 5/20/92 uncomm. 
34 9/17/92 uncomm 
34 11/20/92 uncomm. uncomm. uncomm. 
36 9/18/92 abund 
37 9/18/92 abund common 
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AppendixS 
Sediment chemistry, and stratigraphic notes for 
Ryan's billabongs and billabongs 13, 14 
Sediment chemistry 
The chemical composition of samples from sediment cores from the 8 'primary' billabongs is 
reported in Appendix Tables A5.l - A5.8. For sediment structure, 'mottled' sediments are 
unstructured and have yellow-brown mottling or staining. 
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Appendix table AS.1 Sediment chemistry of the core from billabong 9. 
billabong9 depth % dry sed %0.m. Fe Mn p Si atomic atomic 
cm mg/g mg/g mg/g mg/g Fe/P Fe/Mn 
laminated= 5 43.7 3.2 9.08 0.18 0.25 54.65 20.26 50.18 
unstructured 15 32.3 2.1 15.08 0.28 0 .39 93.61 21.41 52.64 
25 29.5 2.5 15.30 0.25 0.44 82.71 19.44 60.10 
35 27.3 2.8 12.87 0.25 0.46 85.05 15.66 50.83 
45 37.8 1.8 11 .08 0.19 0 .26 101.01 23.97 58.09 
55 33.l 2.2 11.80 0.20 0.30 117.56 21.65 58.43 
65 29.0 3.1 15.18 0.28 0.59 123.67 14.37 53.13 
75 15.5 4.2 25.85 0.44 0.80 89.03 17.85 57.58 
83 20.5 4.0 15.02 0.39 0.77 139.64 10.75 37.57 
mean 29.9 2.88 14.58 0.27 0.47 98.55 18.37 53.17 
s.d. 8.4 0.83 4.76 0.09 0.21 25.40 4.15 6.87 
unstructured 85 49.6 11 . l 9.49 0.28 2.31 160.43 2.28 33.93 
95 52.5 12.4 8.42 0.23 1.91 154.26 2.44 35.92 
105 63.6 3.2 6.85 0.14 1.25 130.99 3.04 47 .27 
110 56.2 3.3 5.86 0.15 2.61 147.76 1.24 37.98 
mean 55.5 7.50 7.65 0.20 2.02 148.36 2.25 38.78 
s.d. 6.0 4.94 1.62 0.06 0 .59 12.68 0.75 5.90 
unstructured> 115 64.8 2.8 7.51 0.14 1.04 76.71 3.99 53.77 
mottle 125 65.7 3.1 6.94 0.13 0 .92 61 .51 4. 17 51.50 
135 60.6 4.1 7.74 0.14 0 .98 50.29 4.37 53.85 
145 58.5 6.7 9.58 0.16 1.02 34.76 5.21 59.07 
155 92.9 4.6 8.37 0.12 0.92 14.46 5.06 66.63 
165 57.2 6.0 13.59 0.18 l .62 24.04 4.65 73 .03 
175 57.2 9.5 13.14 0.22 1.42 17.50 5.11 59.78 
mean 65.3 5.26 9.55 0.16 1.13 39.90 4.65 59.66 
s.d. 12.7 2.35 2.73 0.03 0.28 23.65 0.49 7.78 
laminated 185 49.1 7.6 55.71 0.41 6.77 42.16 4.56 134.57 
195 41.0 12.1 27.43 0.50 4.54 44.78 3.35 53.96 
205 34.6 17.2 53.00 1.42 7.35 29.24 4.00 36.69 
212 55.9 4.5 26.53 0.70 2.15 23.73 6.84 37.46 
mean 45.2 10.35 40.66 0.76 5.21 34.98 4.69 65.67 
s.d. 9.3 5.53 15.85 0.46 2.37 l 0.11 1.52 46.62 
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Appendix table AS.2 Sediment chemistry of the core from billabong 11. 
billabong 11 depth %0.m. Fe Mn p Si % dry sed atomic atomic 
cm mg/g mg/g mg/g mg/g Fe/P Fe/Mn 
unstructured 5 6.6 18.38 0.08 0.34 39.81 48.2 29.90 212.69 
15 3.1 18.78 0.08 0.73 27.17 58.0 14.44 237.23 
25 2.4 4.82 0 .06 0.37 24.74 63.9 7.35 76.66 
mean 4.03 13.99 0.07 0.48 30.57 56.7 17.23 175.53 
s.d. 2.25 7.95 0.01 0.22 8.09 7.9 11 .53 86.50 
laminated 35 1.5 13.15 0.13 0.11 21.05 69.7 69.81 100.30 
45 1.3 15.97 0.08 0.28 22.72 65.1 31.91 202.25 
55 0.9 19.26 0.08 0.10 21.99 68.2 110.12 239.77 
mean 1.23 16.13 0.10 0.16 21.92 67.7 70.61 180.77 
s.d . 0.31 3.06 0.03 0.10 0.84 2.4 39.11 72.17 
unstructured> 65 4.5 11 .78 0.10 0.34 133.74 55.6 19.20 118.45 
mottled 75 4.5 7.92 0.12 0.32 111 .45 55.9 13.71 62.37 
85 3.5 8.13 0.11 0.33 180.25 58.0 13.58 69.64 
95 2.5 7.45 0.11 0.29 188.46 54.6 14.56 64.41 
105 2.5 8.12 0.12 0.27 148.35 53.9 16.89 68.61 
115 2.2 11 .55 0.12 0.51 223.69 54.l 12.54 95.82 
125 2.6 17.58 0.15 0.96 218.37 48.5 10.25 117.14 
135 2.7 8.41 0.10 0.21 336.23 43.4 22.88 78.84 
mean 3.13 10.12 0.12 0.40 192.57 53.0 15.45 84.41 
s.d. 0.93 3.45 0.01 0.24 70.14 4.7 4.04 23.13 
unstructured 145 4.2 13.69 0 .12 0.22 37.34 66.6 35.34 111.14 
155 4.7 14.79 0.12 0.25 39.97 59.5 32.87 126.24 
mean 4.45 14.24 0.12 0.23 38.66 63.l 34.10 118.69 
s.d. 0.35 0.78 0.00 0.02 1.86 5.0 1.75 10.68 
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Appendix table AS.3 Sediment chemistry of the core from billabong 13. 
billabong 13 depth %0.m. Fe Mn p Si % dry sed atomic atomic 
cm mg/g mg/g mg/g mg/g Fe/P Fe/Mn 
mottled= 5 4.3 13.56 0.47 0.41 73.22 56.6 18.20 28.42 
blocky 15 2.9 18.98 0.31 0.53 66.03 62.8 19.75 60.49 
20 3.2 17.32 0.11 0.25 0.00 58.1 38.81 151.23 
25 3.0 26.79 0.23 0.48 39.87 63.3 30.95 115.00 
35 4.1 12.82 0.32 0.23 99.73 60.4 31 .27 39.08 
45 2.4 4.26 0.09 0.08 * 60.2 30.37 45.07 
mean 3.32 15.62 0.26 0.33 55.77 60.2 28 .23 73.22 
s.d. 0.74 7.48 0.14 0.17 37.77 2.6 7.82 48.90 
mottled 55 1.0 8.25 0.16 0.12 75.66 69.4 37.44 49.92 
65 0.8 4 .98 0.08 0.05 * 69.7 51.15 61.50 
75 0.7 12.58 0.21 0.16 38.17 68.6 43.95 58.95 
85 0.7 16.98 0.17 0.26 43.23 69.6 36.19 96.21 
95 0.9 12.75 0.15 0.18 43.66 70.9 38.41 84.12 
105 0.3 9.79 0.20 0.06 44.01 69.4 88.17 49.19 
115 1.2 15.23 0.43 0.15 41.92 72.4 55.58 35.22 
125 0.9 10.65 0.36 0.08 32.80 76.5 74.76 28.80 
130 0.9 11 .71 0.15 0.09 32.30 76.2 68.64 76.76 
mean 0.82 11.44 0.21 0.13 43.97 71.4 54.92 60.07 
s.d. 0.25 3.60 0.11 0.07 13.65 3.0 18.55 22.31 
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Appendix table AS.4 Sediment chemistry of the core from billabong 21. 
billabong 21 depth %0.m. Fe Mn p Si % dry sed atomic atomic 
cm mg/g mg/g mg/g mg/g Fe/P Fe/Mn 
unstructured 15 2.3 8.17 0.12 0.25 27.27 62.8 18.39 66.09 
25 2.7 8.79 0.12 0.28 23.55 61.6 17.19 70.62 
35 3.1 9.46 0.11 0.32 26.28 59.0 16.57 82.61 
45 3.0 7.58 0.10 0.24 24.59 64.0 17.88 72.91 
mean 2.78 8.50 0.11 0.27 25.42 61.9 17.51 73.06 
s.d. 0.36 0.81 0.01 0.04 l.67 2.2 0.79 6.97 
blocky= 55 14.3 12.35 0.04 0.71 128.84 44.0 9.63 336.63 
laminated 61 3.7 7.07 0.09 0.44 181.36 51.3 8.85 74.78 
mean 9.00 9.71 0.06 0.58 155.10 47.6 9.24 205.71 
s.d. 7.50 3.73 0.04 0.19 37.13 5.2 0.55 185.15 
unstructured 65 5.0 7.08 0.12 0.19 93.89 55.2 20.78 56.85 
75 4.2 7.25 0.13 0.23 117.07 55.l 17.57 53.80 
85 4.3 7.01 0.13 0.28 112.45 55.0 13.75 51.71 
95 4.2 8.09 0.07 0.23 85.95 59.6 19.33 107.62 
105 3.1 6.83 0.14 0.15 63.66 63.3 24.65 46.93 
mean 4.16 7.25 0.12 0.22 94.60 57.6 19.22 63.38 
s.d. 0.68 0.49 0.03 0.05 21.54 3.7 4.02 24.99 
mottled 115 1.3 6.08 0.12 0.14 52.66 73.4 24.22 49.35 
125 l . l 5.85 0 .16 0.14 38.99 75.0 22.85 35.43 
mean l.20 5.96 0.14 0.14 45.82 74.2 23.54 42.39 
s.d. 0.14 0.16 0.03 0.00 9.67 l. l 0.97 9.84 
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Appendix table AS.5 Sediment chemistry of the core from billabong 23. 
billabong 23 depth %0.m. Fe Mn p Si % dry sed atomic atomic 
cm mg/g mg/g mg/g mg/g Fe/P Fe/Mn 
unstructured 5 5.0 11.88 0.20 0.42 37.03 55.9 15.58 57.97 
15 2.3 8.22 0.13 0.29 23.91 61.9 15.51 62.74 
25 1.1 8.52 0.09 0.25 30.45 64.1 19.02 88.81 
35 3.0 14.68 0.12 0.42 36.86 58 .8 19.46 123.00 
45 2.2 9.06 0.10 0.22 37.99 65.8 22.63 93.29 
55 1.7 7.79 0.10 0.18 36.17 68.0 23.66 76.14 
65 1.5 8.39 0.10 0.18 29.00 71.3 25.99 80.95 
75 1.2 8.58 0.11 0.16 28.97 69.5 28.93 77.58 
85 1.0 10.59 0.17 0.77 22.39 68.7 7.60 62.60 
95 2.5 6.34 0.14 0.19 39.05 67.7 18.88 43.96 
105 5.0 6.90 0.15 0.23 27.13 56.2 16.57 44.62 
115 4.8 7.25 0.19 0.21 34.74 58.6 19.19 37.28 
125 3.2 6.53 0.18 0.18 24.86 64.0 20.53 34.79 
135 4.1 6.51 0.18 0.13 23.73 65.3 27.10 35.55 
mean 2.76 8.66 0.14 0.27 30.88 64.0 20.05 65.66 
s.d. 1.46 2.34 0.04 0.17 5.97 5.0 5.51 25.91 
laminated 145 7.7 8.91 0.28 0.21 35.76 55.1 22.99 31.17 
155 10.6 10.33 0.34 0.27 44.20 45.3 20.86 29.65 
165 14.3 12.89 0.40 0.30 38.59 37.6 23.91 32.00 
175 12.0 12.01 0.34 0.29 42.53 41.6 23.30 35.21 
185 15.4 16.85 0.31 0.27 38.87 39.2 34.59 52.63 
195 17.2 16.39 0.30 0.31 42.43 32.7 29.34 53.53 
205 14.2 16.41 0.28 0.34 41.83 33.5 26.55 58.56 
215 9.5 13.46 0.22 0.21 22.17 43.9 35.00 60.93 
225 6.0 61.74 1.92 2.06 17.15 52.5 16.61 31.61 
235 3.8 9.19 0.14 0.43 24.64 61.9 11.73 66.23 
mean 11.07 17.82 0.45 0.47 34.82 44.4 24.49 45.15 
s.d. 4.35 15.71 0.52 0.56 9.79 9.6 7.32 14.49 
minus 225cm 12.94 0.29 0.29 25.36 46.66 
3.11 0.08 O.D7 7.19 14.52 
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Appendix table AS.6 Sediment chemistry of the core from billabong 25. 
billabong 25 depth %0.m. Fe Mn p Si % dry sed atomic atomic 
cm mg/g mg/g mg/g mg/g Fe/P Fe/Mn 
unstructured> 5 8.2 16.04 0.30 0.25 38.85 46.7 35.22 52.09 
laminated 15 2.8 10.97 0.15 0.12 24.75 61.0 52.34 74.34 
25 2.4 11 .19 0.11 0.15 24.11 63.5 40.89 104.37 
35 2.4 14.01 0.11 0.18 25.16 60.5 43.70 127.82 
45 2.9 15.55 0.18 0.19 26.21 59.9 45.10 86.94 
55 3.9 28.40 0.27 0.22 38.37 53.6 72.30 104.47 
65 3.0 14.21 0.07 0.13 25.01 62.1 60.06 202.44 
mean 3.66 15.77 0.17 0.18 28.92 58.2 49.94 107.50 
s.d . 2.07 5.91 0.09 0.05 6.65 6.0 12.71 48.37 
unstructured 75 3.4 13.47 0.13 0.19 94.97 53.9 39.92 104.56 
85 9.9 11 .52 0 .18 0.24 31.98 80.3 26.40 63.91 
95 2.3 10.1 4 0.25 0.22 112.28 45.3 25.88 40.45 
105 3.0 7.32 0.24 0.16 89.85 56.7 25.87 30.14 
mean 4.65 10.61 0.20 0.20 82.27 59.0 29.52 59.77 
s.d. 3.53 2.58 0.06 0.04 34.87 14.9 6.94 33.04 
unstructured> 115 0.9 4.87 0.19 0.08 36.06 71 .9 33.33 24.70 
mottled 125 0.4 5.49 0.15 0.08 26.99 75.8 40.16 36.88 
135 0.3 3.40 0.16 0.09 25.42 78.8 21.26 20.80 
145 0.4 3.37 0.17 0.06 20.03 78.7 30.89 19.51 
mean 0.50 4.28 0.17 0.08 27.13 76.3 31 .41 25.47 
s.d. 0.27 1.07 0.02 0.01 6.66 3.3 7.82 7.92 
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Appendix table AS.7 Sediment chemistry of the core from billabong 32. 
billabong 32 depth %0.m. Fe Mn p Si %drysed atomic atomic 
cm mg/g mg/g mg/g mg/g Fe/P Fe/Mn 
unstructured 5 4.2 9.96 0.19 0.32 48.l 45.7 17.0l 52.40 
15 4.5 * * * * * * * 
25 3.4 * * * * * * * 
35 4.0 11.66 0.19 0.40 43.4 52.9 16.17 61.52 
45 3.1 10.55 0.15 0.25 32.6 55.2 23.12 67.08 
55 3.6 10.05 0.14 0.33 31.2 56.5 17.00 69.84 
65 16.9 20.49 0.29 0.70 27.6 37.l 16.23 68.63 
mean 5.67 12.54 0.19 0.40 36.6 49.5 17.91 63.89 
s.d. 4.97 4.50 0.06 0.18 8.7 8.1 2.94 7.17 
laminated> 75 11.2 18.45 0.39 1.38 30.4 43.8 7.40 46.50 
unstructured 85 7.0 22.71 0.72 2.59 32.7 47.6 4.86 31.04 
95 3.6 27.76 1.14 l.77 22.8 54.5 8.68 24.06 
105 2.1 29.89 1.02 1.71 23.6 63.5 9.67 28.79 
115 2.3 25.17 0.84 1.04 33.8 58.7 13.46 29.30 
125 3.7 15.79 0.50 l.04 19.9 57.6 8.45 31.36 
135 2.5 182.52 8.67 l.40 22.0 57.l 72.23 20.72 
143 3.0 * * * * 61.7 * * 
145 1.9 13.92 0.35 0.45 19.8 66.0 16.98 38.85 
155 l.7 12.94 0.33 0.40 17.9 66.7 17.74 38.50 
165 1.9 20.29 0 .58 0.81 18.4 60.7 13.89 34.31 
175 2.2 19.52 0.40 l.26 19.2 59.2 8.58 48.22 
185 3.7 23.47 2.85 2.00 21.3 52.5 6.51 8.10 
195 3.6 27.68 0.59 l.38 38.l 47.9 11.13 46.29 
205 2.8 15.97 0.33 0.38 32.l 62.3 23.26 47.16 
213 2.4 14.70 0.28 0.27 26.5 64.6 29.94 52.02 
mean 3.48 31.39 1.27 l.19 25.2 57.8 16.85 35.0l 
s.d. 2.42 42.16 2.14 0 .67 6.5 6.9 16.76 12.09 
mean 5to55cm 3.80 10.55 0.17 0.33 38.8 52.6 18.33 62.71 
s.d. 0.53 0 .78 0.02 0.06 8.2 4.8 3.22 7.70 
mean 95to213 2.67 33.05 1.37 l.07 24.3 59.5 18.50 34.44 
s.d. cm 0.73 45.28 2.29 0.58 6.5 5.3 17.47 12.57 
mean 75to125 3.58 20.59 0.74 l.18 25.5 57.5 12.90 36.04 
s.d. & 2.58 5.61 0.66 0.69 6.7 7.3 7.04 11 .86 
145to213 
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Appendix table AS.8 Sediment chemistry of the core from billabong 38. 
billabong 38 depth %0.m. Fe Mn p Si % dry sed atomic atomic 
cm mg/g mg/g mg/g mg/g Fe/P Fe/Mn 
unstructured 5 3.5 11.13 0.33 0.48 43.36 39.6 12.98 33.21 
15 3.4 11 .69 0.27 0.55 50.94 40.l 11.75 42.09 
25 3.5 13.25 0.31 0.60 49.04 41.6 12.26 42.42 
35 3.4 12.22 0.27 0.46 50.21 42.3 14.73 45. l l 
45 3.5 12.41 0.27 0.69 43. l l 54.7 9.91 44.74 
55 3.4 10.06 0.22 0.38 40.87 59.4 14.63 45.82 
65 2.4 12.24 0.21 0.42 * 59.5 16.10 58.57 
75 4.3 14.80 0.22 0.84 * 57.5 9.77 65.70 
mean 3.43 12.23 0.26 0.55 46.26 49.3 12.77 47.21 
s.d. 0.51 1.41 0.04 0.15 4.30 9.2 2.30 10.20 
unstructured= 85 3.700 27.56 l.11 0.73 * 60.9 21.02 24.44 
laminated 95 4.0 23.02 0.55 l.34 51.14 54.l 9.51 41.40 
105 4.1 18.89 0.19 1.14 50.88 56.5 9.18 98.27 
115 3.3 18.89 0.13 0.78 34.08 60.7 13.51 140.16 
125 3.8 31.64 0.45 1.18 36.61 52.3 14.82 69.81 
mean 3.78 24.00 0.48 l.03 43.18 56.9 13.61 74.82 
s.d . 0.31 5.57 0.39 0.27 9.11 3.8 4.82 46.10 
laminated> 135 11.3 47.57 0.89 8.65 83.82 35.9 3.05 52.76 
unstructured 145 5.5 35.96 0.54 2.83 43.29 47.5 7.04 65.73 
155 6.8 43.01 0.86 4.45 50.48 39.0 5.36 49.30 
165 11.0 54.85 1.15 8.67 53.72 37.2 3.51 46.80 
175 7.0 74.50 l.16 3.22 32.82 40.6 12.85 62.97 
185 4.0 167.85 3.23 1.70 32.30 42.2 54.62 51.18 
. 7.60 70.62 1.30 mean 4.92 49.40 40.4 14.40 54.79 
s.d. 2.95 49.42 0.97 3.03 19.02 4.1 20.02 7.72 
~. 
laminated 195 1.3 18.38 0.15 0.58 21.27 63.0 17.52 124.04 
205 2.8 21.44 0.25 0.95 27.70 56.6 12.47 85.07 
215 2.4 21.41 0.31 0.85 30.72 58.l 14.00 68.88 
225 3.1 23.27 0.41 1.30 35.64 53.5 9.96 55.68 
235 4.6 21.49 0.25 0.75 34.95 50.7 15.84 83.67 
mean 2.84 21.20 0.27 0.89 30.06 56.4 13.96 83.47 
s.d. l.20 l.76 0.10 0.27 5.88 4.7 2.93 25.66 
laminated 245 11.6 30.74 0.41 * 52.13 38.7 * 74.62 
255 9.4 29.05 0.38 2.94 51.09 38.6 5.49 75.93 
265 6.8 25.17 0.38 2.36 43.82 44.l 5.91 64.52 
mean 9.27 28.32 0.39 2.65 49.01 40.5 5.70 71.69 
s.d. 2.40 2.86 0.02 0.41 4.53 3.1 0.30 6.24 
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Ryan's billabongs, billabongs 13, 14 
Depths cored 
Cores 1 and 2 from both Ryan's I and II billabongs were recovered by 
pressing 60 cm core barrels into the sediments, then augering to the depth 
cored, and repeating the process. At first, considerable force was applied in 
driving the casing into the sediment by hydraulically placing the weight of 
the raft and drill rig onto the core barrel. The length of core recovered was 
found to be less than the depth the casing was pressed into the sediments 
(figures 6.3 and 6.4). Subsequently, less downward pressure was applied, 
and/or cores consisted of 50 mm diameter PVC (Ryan's II short cores) or 80 
mm PVC (all other billabongs) were used. There was little discrepancy in 
core length versus depth in subsequent cores, especially using 80 mm PVC. 
General lithology 
Within-billabong variation 
Most of the sediments filling the Ryan's billabongs and billabong 14 are fine 
grained, silts and clays, with sands and gravels most common at depth in 
cores. The only exceptions are Ryan's II short core 3 (SC3 in appendix figure 
AS.2) which has a sand band occurring in the middle of the core, and to a 
lesser extent billabong 14 core 3 (C3 in appendix figure AS.3), which is sandy 
mud starting at about 25 cm depth. Short core 3 in Ryan's II is close to an 
inlet draining the floodplain. 
Yellow-brown staining and mottling is present in some core sections of both 
Ryan's I and 2 billabongs (appendix figures AS.l, AS.2). Of the 7 cores 
recovered from these billabongs, 4 had mottled sections. Three of the four 
were taken from relatively shallow water, including the 2 cores taken from 
either end of the billabong. Mottled sections are often better consolidated 
than massive or laminated sections. For example, mottled sediments at 100 
cm in core 1 of Ryan's II are noticeably better consolidated than the 
unstained section above it. 
Yellow-brown mottling is also observed in two other situations on the 
floodplain. When billabongs are at low water, a band of mottling can be 
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observed on the bank. The surface meter or so is unmottled and forms a 
soil. For a meter or two below this the sediment is mottled and finally, at 
depth, the sediment is again unmottled. Mottling is also found in shallow 
surface sediments in slight floodplain depressions that are frequently wet 
and lack vegetation. 
Laminae in cores are mainly found at depth. Those found in shallow 
sections are usually very thin and faint, but are confirmed from x-ray 
photographs, or associated with changes in consolidation. Deeper laminae 
may be thin to several mm thick, and are quite clear from visual inspection. 
Ryan's billabongs versus Billabong 14 
The Ryan's billabongs and billabong 14 differ with respect to sediment 
consolidation, colour, extent of laminated sediments and possibly grain size. 
Ryan's billabongs have very dense sediments with few laminae. In contrast, 
billabong 14 sediments are loosely consolidated and all 3 cores had a section 
of prominent laminae. Although comparisons with standard Munsell 
colours were not made, billabong 14 sediments are generally olive to dark 
grey or black, and no yellow-brown mottling is found in any of the core 
sections. Ryan's sediments are light gray to black, but mainly lighter than 
billabong 14 sediments, and have yellow-brown mottled sections. Sediments 
from Ryan's billabongs, especially upper sediments, felt more clayey than 
those in billabong 14. 
Three Pinus pollen grains were encountered in a 25 µl slide of a traditional 
pollen preparation of sediments from 65 cm of core 2, billabong 14. 
Radiocarbon dates for that level are around 1000-1440 years BP (ANU 7913). 
Note on Pinus pollen from billabong 13 
Pollen, including Pinus, is abundant at 5 cm but samples from 45 and 65 cm 
prepared by traditional techniques are nearly devoid of all pollen species. 
The only grain encountered was a single degraded Pinus grain at 65 cm. 
Because of the degraded nature of the grain, and the absence of pollen from 
other plant species, the reliability of this count is questionable. Pollen does 
not preserve well again until 95 cm. No Pinus is observed in samples from 
95 and 115 cm. 
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Appendix figure AS.1 General lithology and radiocarbon dates on bulk sediments in 2 
cores from Ryan's I billabong. The core sites are about 100 m apart. Ages are expressed 
as conventional years BP. The laboratory code is only reported with dates for the 
NaOH insoluble fraction (=A) are shown to the left of the core; dates for the NaOH 
soluble fraction (=B) are shown to the right of the core. The depth of the sediment 
surface when water levels are at a maximum is shown above each core. 
394 
"' 
> 0 z 0 
0 c 
... 
.... 
~ 
c.o 
"' 
,. 
0 
I 
-::::: ae. 0 ~ 3 
"' :~ ;_, 
... ~3 
"' 
0 
"' !i. 
N 
0 
0 
illJHJJ Ll 
c: 
Pl 8l ::J 3 ::J ~ 
5 ' ~ c: 0 !!!, 3 c (!) 
a. c: ii) a. a. 3 
c: 3 a. c: 
a. 
;;; > z 
"' c 0 
... .... 
~ :::; 
"' 0 
I 
co 
.... 
0 
... 
"' 
"' 0 
~ . 
3 
c: 
a. 
a. 
'< 
<C 
iil 
< ~ 
HJ [Z]~ .. 
c 3 cr 
3 0 g 
-0 ::t 
en m ~ 
s. a. 3 3 0 c: c: a. Pl a. 
'< 
Vt 
0 
depth (cm) 
;;; 
,. 
0 
... 
c.o 
co 
0 
I 
> z 
c 
.... 
~ 
co 
0 
0 
, .,,.. •.•. , ._. ......... , ...... .,..., .. , .... .,.....W"""' .... "" .... ·""'·ft":'" 
. . . . . . 
. . . . . . 
. . . . . . 
. 
. 
. 
. . 
' . • '. . <: 
;;; 
0 
0 
... 
c.o 
0 
0 
I 
.. 
.. 
c.o 
0 
... 
"' 
"' 0 
::;: 
co 
"' 
"' Q 
'° .... ~
A A A A A A A A A A : 
A A A A A A A A A A l 
A h A A A A A h A A j 
,.,..,,.,,.,,.,..,,.,..,..,,. , 
h A A A A A A A A A W;' ""'""""'""""""'""T'".,..., 
ae. ;;; > ::! > z z 3 !lD c 0 c 8. c.o .... 
.... ... ., 
... ~ ~ 3 ;;; 
"' 
,. 
"' 
"' 
0 
I I 
"' c.o 0 
... 
"' 0 
:::; > O; > z z 
.... c "' c 0 0 
... 
.... ... 
.... 
co co 
I\) 0 ;;; 0 co 
"' 
.. 
0 0 
I I 
Cl.l -Ga 
Cl.l N 
n 3 N 
.... 
n Cn 
- 3 
t:C 
,,,,,,,,,,,,,,.,,,M,,,,,",,"m 
.... 
n ~ 
N 
3 
0 ~ 
.. 
"' 0 0 
... ... 
c.o ;;; I\) 
0 0 
t:C 
3 
Cl.l 0 0 -J 
3 
Appendix figure AS.2 General lithology and radiocarbon dates on bulk sediments in 2 
long cores and 4 short cores from Ryan's II billabong. Ages are expressed as in figure 
6.3. The depth of the sediment surface when water levels are at a maximum is shown 
above each core. 
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water depth 
core 
A 
50 
ANU 7906 
1.37 m 
1 
B 
,-., 730 ± 200 • """. 1140 ± 210 
8 100 ------------(.) 
'-" 
150 
200 
Billabong 14 
1.33 m 
2 
A 
ANU 7913 
1440 ± 180 • 
ANU 7910 
1290 ± 200 • 
ANU 7917 
109.3 ± 2.7 • 
% modem 
(late 1950's) 
B 
1000 ± 180 
1260 ± 160 
1300 ± 200 
A 
ANU 7909 
950 ± 170 
0.72 m 
3 
B 
• ::.:·i.:·i. 1690 ± 170 
D unstructured mud 
fl sandymud 
g laminated mud 
~ laminated 
sandy mud 
Appendix figure AS.3 General lithology and radiocarbon dates on bulk sediments in 3 
cores from billabong 14. Cores 1 and 2 were taken a few meters apart, and about 100 
m west of core 3. Ages are expressed as in figure 6.3. An asterisk denotes the presence 
of Pinus pollen in traditional pollen preparations. 
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